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CHAPTER I 

INTRODUCTION 

Research on t h e  behavior of a "zero-g s a t e l l i t e "  [Reference 11 i s  

being done a t  Stanford Universi ty.  

t o  perform seve ra l  d i f f e r e n t  experiments. 

The drag- free s a t e l l i t e  can be used 

a )  Geodesy: 

sphere; 

the  departure of t h e  f i g u r e  of t h e  e a r t h  from pe r fec t  

b )  Aeronomy : t he  dens i ty  measurements of the  upper atmosphere. 

Several  o ther  poss ib le  appl ica t ions  a re  described by Lange [Reference 13. 

For t h e  purpose of studying t h e  behavior of the  "zero-g s a t e l l i t e "  

a l a r g e  dynamic s imulator  ACV ( A i r  Cushion Vehicle the  name given t o  

t h e  s imulator)  was designed. 

described l a t e r .  

pulse frequency (P.W.P.F.) [Reference 21 con t ro l  l a w  keep the  ACV a t  t h e  

des i red  pos i t ion .  

same pos i t ion  sensor on t h e  s a t e l l i t e  i t s e l f .  

The main f ea tu res  of t h i s  simulator a r e  

Four a i r  j e t s  which are  actuated by a pulse-width,. 

It i s  intended t o  use the  same con t ro l  law and the  

The l r f e t ime  of t h a t  s a t e l l i t e  depends on t h e  l i m i t  cycle f u e l  con- 

Therefore t h e  parameters of P.W.P.F. must sumption of t h e  con t ro l  j e t s .  

be chosen so  t h a t  the  l i m i t  cycle  f u e l  consumption i s  minimized. 

present  research i s  concerned with this opt imizat ion problem. 

research cons i s t s  of t h r e e  d i f f e r e n t  phases: 

The 

The 

Phase 1: The ACV should be brought i n t o  operat ing conditions, and 

a l l  t h e  necessary modif icat ions should be done so t h a t  thebehavior  of 

the  ACV could be studied; 

1 



Phase 2:  Based on t h e  da t a  and experimental r e s u l t s  obtained i n  

Phase 1, a model of the  ACV system i s  t o  be constructed on the  analog 

computer. 

Phase 3: A t  t h i s  phase the  optimization i s  done. There a re  two 

s tages  t o  t he  optimization process : 

1) Slaving t h e  analog computer t o  t h e  d i g i t a l  computer (hybrid 

system) and 

Constructing an e f f i c i e n t  search method f o r  t h e  optimum gain 

s e t t i n g .  

2 )  

I 

J 

I 

The present repor t  cons is t s  mainly of these  th ree  p a r t s .  

2 
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CHAPTER I1 

THE EXPERIMENTAL SET-UP AND RESULTS 

2 .1  Introduct ion 

It i s  not the  purpose of t h i s  repor t  t o  describe t h e  ACV ( A i r  Cushion 

Vehicle), but i n  order t o  understand t h e  experiments and the  analog 

simulation, and s ince  the re  i s  no repor t  which describes the  .Am, a short  

and s implif ied descr ip t ion  i s  included. 

The ACV i s  ac tua l ly  an a i r  bearing which f l o a t s  horizontal ly over a 

g ran i t e  t a b l e  with negl igible  f r i c t i o n .  

l a t o r  f o r  a "zero-g s a t e l l i t e " .  

t he  development of c i r c u i t r y  and sensors of the  cont ro l  loop, and it 

w i l l  give accurate information on propel lant  consumption of the  "zero-g 

s a t e l l i t e " .  

Thus it can be used a s  a simu- 

The simulator i s  an important t o o l  i n  

2.2 General Description of the  ACV Operation 

The air-cushion vehicle  i s  f loa ted  on an a i r  f i l m  over a g ran i t e  

t ab le .  The t a b l e  (Fig.  2.2.1) can be tipped so  t h a t  the  a i r  cushion 

vehicle tends t o  move across the  t ab le .  This simulates a dis turbing 

force  ac t ing  on the  ''zero-g s a t e l l i t e " .  Table angles corresponding t o  

drag a t  d i f f e r e n t  a l t i t u d e s  f o r  a t y p i c a l  s a t e l l i t e  are shown i n  

Figure 2.2.2. 

proof mass i n  the  ''zero-g s a t e l l i t e " .  

spher ica l  capaci tor  (Figure 2.2.3) which i s  connected r i g i d l y  t o  t h e  

vehicle .  A s  t he  vehicle  moves across the  t ab le ,  i t s  pos i t ion  with 

respect  t o . t h e  b a l l  i s  sensed, and the  cont ro l  system causes a gas valve 

A proof mass i s  supported above the  t ab le  t o  simulate t h e  

The b a l l  i s  located within a hemi- 

3 
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Figure 2.2.1. Table support system 

Figure 2.2.2. Table tilt required t o  simulate aerodynamics drag 
on a t y p i c a l  sa te l l i te  vs. a l t i t u d e  
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(Fig .  2.2.4) t o  f i r e  i n  order t o  br ing t h e  vehicle back t o  i t s  proper 

loca t ion  centered underneath the  b a l l .  The g ran i t e  t a b l e  i s  kept a t  a 

proper level ing by an automatic t a b l e  leve l ing  system described i n  

d e t a i l s  elsewhere [Reference 31. 

2.3 S t ruc tu ra l  Description 

The present  simulator vehicle  was developed mainly 5y a " t ry  and 

learn' '  method. 

and M r .  R .  Tuff ias .  

cu la r  aluminum base (Fig. 2.3.1) with c e n t r a l  gas supply and 2" diameter 

recess  a t  t h e  center .  This recess  i s  necessary t o  l i f t  the  vehicle off 

the  ground when it i s  not ye t  a f l o a t .  

Most of i t s  components have been b u i l t  by Dr. R .  Bourke 

It cons is t s  of a 3/4" th i ck  and 28" diameter c i r -  

(Fig.  2.3.3a) Then the  t o t a l  

l i f t  i s  provided by the  pressure of the  gas flowing in ,  times the  area 

of the  recess,  u n t i l  a gap i s  formed between the  vehicle  and the  ground 

which allows the  gas t o  spread out and t o  form the normal supporting gas 

f i l m .  

width between opposite edges i s  located on the  base p l a t e .  

p l a t e s  are separated by an O-ring. 

completely axisymmetric load d i s t r i b u t i o n  on the  lower base p l a t e .  

t h e  instrumentation and the  gas supply systems are connected t o  the 

hexagonal base. 

A second 1/4" aluminum p l a t e  of hexagonal planform and of 26" 

The two 

This i s  done i n  order t o  have a 

A l l  

The support gas i s  s tored i n  four v e r t i c a l  high-pressure s t e e l  

bo t t l e s ,  s i z e  number 4, each holding approximately 1 pound of nitrogen 

(Fig. 2 .2.4) .  

flowmeter i n t o  the  base p l a t e .  

The gas i s  l e t  out through a pressure regula tor  and a 

The cont ro l  gas i s  s tored  i n  two hor izonta l  s t e e l  b o t t l e s  similar 

t o  t h e  support gas.  

6 
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Four r a d i a l  j e t s  for two-dimensional l a t e r a l  cont ro l  had been 

mounted on the  vehicle  a t  90' apar t  (Fig. 2.3.2).  

diameter holes  d r i l l e d  i n t o  pipe plugs, the  edges of the  holes  being wel l  

rounded t o  y ie ld  a convergent-divergent shape. The plugs were then 

screwed i n t o  the  o u t l e t s  of a commercial solenoid valve, "ASCO" 

The nozzles a re  3/64" 

NO. 826222. 

The two gas systems, the  support and control ,  a re  described 

schematically i n  Figure 2.3.3. 

The e l e c t r i c a l  equipment cons is t s  of the  pos i t ion  sensor, a large 

12-volt  b a t t e r y  a s  general  power supply, and t h e  cont ro l  c i r c u i t r y .  

Final ly,  two "Nikon" cross  t r a v e l l i n g  micrometer carr iages are  located 

one under the  ba t te ry ,  (Fig. 2.3.4) and one under the  pos i t ion  sensor 

(Fig.  2.3.2).  By manipulating the  micrometer-carriage it was possible 

t o  g e t  f i n e  symmetrical mass d i s t r ibu t ion .  

The meta l l ic  b a l l  which represents  the proof mass i n  the  ac tua l  

s a t e l l i t e  was positioned by a spec ia l  device (Fig. 2.4.1) which allows 

accurate (0.0001 inch) posi t ioning i n  three  dimensions. 

2.4 Pos i t ion  Sensor 

The pos i t ion  sensor cons is t s  of two main p a r t s :  

1) Precis ion Bal l  Posi t ioner  (Fig. 2 .4.1) .  

2 )  Capacitive Pickoff Sensor (Fig. 2 .4.2) .  

Precis ion Bal l  Pos i t ioner :  

For various purposes, a device has been b u i l t  which allows accurate 

(0.0001 i n . )  posi t ioning i n  three  dimensions of the s t e e l  b a l l  which 

represents  the  proof mass i n  t h e  ac tua l  s a t e l l i t e .  

11 
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A "Nikonl' c ross- t ravel l ing  micrometer car r iage  (accessory t o  Nikon 

a 

Model 6~ Comparator) provides 1- inch t r a v e l  i n  the  two hor izonta l  d i rec-  

t i o n s .  It s i t s  i n  a cage which i s  clamped v i a  a ro t a t ion  head t o  the  

g ran i t e  r a i l .  A 1-3/4 i n .  diameter s teel  tube whose upper end i s  f ixed  

t o  t h e  moving head of t h e  micrometer car r iage  goes through i t s  cen t ra l  

3-inch diameter hole.  It c a r r i e s  the  v e r t i c a l  pos i t ioner  whose e s s e n t i a l  

p a r t s  a re  a micrometer measuring t h e  v e r t i c a l  pos i t ion  of t h e  ac tua l  b a l l  

holder, and a microscope s l ed  ( taken from an "Edmund Sc ien t i f i c"  micro- 

scope) which c a r r i e s  t h e  b a l l .  By t h i s  construction, the  micrometer 

i s  completely unloaded and should allow accurate pos i t ion  readings even 

a f t e r  long use. 

which i n  t u r n  s i t s  a t  t h e  end of a 1/2 inch phenolic rod. 

The b a l l  i t se l f  s t i c k s  t o  a permanent horseshoe magnet 

Thus, it i s  

insulated against  t he  l a rge  metal mass of t he  pos i t ioner  head, and while 

i t s  suspension i s  p lenty  s t ab le  f o r  "no touch" conditions, it i s  s t i l l  

f l e x i b l e  enough t o  prevent damage of e i t h e r  the  vehicle or the  pos i t ioner  

i n  case the  vehicle  bumps i n t o  it. 

Capacitive Pickoff Sensor: 

The capaci t ive pickoff sensor cons is t s  of four  or s i x  sphere sect ions 

arranged f o r  two-axis or three-axis  operation a s  w e l l  as  two- or t h ree -  

impedance matching transformers and associated c i r c u i t r y  a s  shown i n  

Figure 2.4.3. The sphere t o  be position-sensed i s  nominally located 

concentr ical ly wi th ' respect  t o  t h e  sphere sect ions.  

The capaci t ive pickoff used with the  ex i s t ing  ACV employs one f u l l  

p l a t e  (nearly 1/6 of t o t a l  sphere a rea )  located a t  t he  bottom and 

grounded, and four hal f  p l a t e s  located i n  the  +X, -X, +Y, and -Y 

posi t ions .  The ins ide  diameter of the  sect ions i s  55.3 mm, and the  b a l l  
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Figure 2.4.3. Capacitive pickoff schematics 
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used i s  50.8 mm diameter. Thus the  ,nominal gap i s  2.25 mm. 

The transformers used with the  capaci t ive pickoff a re  spec ia l  u n i t s  

having an exci t ing  impedance of about 1.8 megohms a t  5 kc and a s tep  

down r a t i o  of about 88 t o  1 with an output impedance of about 300 ohms 

a t  5 kc.  Capacitive balance i s  extremely c r i t i c a l ,  as  i s  the  exci t ing  

impedance phase angle. The d i e l e c t r i c  and l o s s  f a c t o r s  associated with 

the  sphere sec t ion  insula t ing  support a re  a l so  very important- i n  de ter-  

mining the  pickoff design. 

capaci t ive bridges are  approximately 

The impedance of t h e  l egs  making up the  

- j  15 megohms a t  5 kc. 

The capaci t ive pickoff produces a hard nonlineari ty  r e su l t ing  from 

the  nonlinear capacitance vs. displacement funct ion.  The extent  of t h i s  

nonl inear i ty  i s  shown i n  Figure 2.4.4. It should be noted t h a t  t h e  

nominal threshold of the  cont ro l  system i s  s e t  a t  30 m i l s ,  which i s  

within t h e  reasonably l i n e a r  range of the  pickoff .  

2.5 Control System Description 

The cont ro l  system block diagram i s  shown i n  Figure 2.5.1.  The 

e l e c t r o s t a t i c  capaci t ive pickoff sensor provides a two-dimensional 

pos i t ion  indica t ion  i n  t h e  form of a phase-polarized D.C.  s ignal  of t h e  

order of f 0.5 mv R.M.S. Two high-gain amplif iers  amplify the  s igna l  

from m i l l i v o l t  range t o  v o l t  range. 

converted t o  d i f f e r e n t i a l  DC s ignals  by means of a transformerless d i f -  

The amplified D.C.  s ignals  are 

f e r e n t i a l  demodulator c i r c u i t .  

l a t o r s  both employ an exc i t a t ion  s igna l  derived from a 5 kc o s c i l l a t o r .  

The d i f f e r e n t i a l  DC s ignals  dr ive  the  d i f f e r e n t i a l  operat ional  amplif iers  

and exc i t e  'the r a t e  gyro potentiometers. 

The e l e c t r o s t a t i c  pickoff and demodu- 

The d i f f e r e n t i a l  operat ional  
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amplif iers  provide a lead l a g  l a g  t r a n s f e r  function f o r  r a t e  sensing 

and noise f i l t e r i n g .  The modified DC s igna l  which now includes r a t e  

information a s  w e l l  as pos i t ion ,  dr ive  pulse width pulse frequency valve 

con t ro l  c i r c u i t s .  

cons is t  of in t eg ra to r s  with Schmitt trigger reset feedback. m e  system 

i s  arranged i n  a b ipolar  manner such t h a t  pos i t ive  inputs  cause the  . 

pos i t ive  Schmitt t r i g g e r  t o  f i r e  and negative inputs  cause the  negative 

Schmitt t r i g g e r  t o  f i r e .  A dead band i s  provided t o  prevent the use of 

excessive fue l .  The e r r o r  s igna l s  seen by t h e  P.W.P.F. c i r c u i t s  a r e  

e f fec t ive ly  the  following : 

The pulse width pulse frequency valve cont ro l  c i r c u i t s  

(2.5 .I> 

where 

EX = X + X - (wZ Y )  

E Y = Y + Y + ( ~ o ~ X )  

X = X - a x i s  pos i t ion  e r r o r  

Y = Y-axis pos i t ion  e r r o r  

X = X-axis r a t e  

Y = Y-axis r a t e  

w = Z-axis angular rate (by using the  r a t e  gyro switch, 
Z 

Fig.  2.3.2, it can be included i n  the  e r r o r  s igna l ) .  

The P.W.P.F. c h a r a c t e r i s t i c s  a re  given i n  Figure 2.5.2. Observe t h a t  

the  dead band i s  f 12 m i l s  and sa tu ra t ion  occurs a t  around 30 m i l s .  

Lamp dr ive r s  are provided for v i sua l  display of valve operation. 

Lamps a re  color  coded t o  permit v i sua l  determination of valve axis  and 

po la r i ty ,  Figure 2.3.4. 
20 
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The e r r o r  s igna l s  a re  fed  i n t o  an analog computer TR-20 and 

f i l te red ,  and t h e  f i l t e r e d  e r r o r  s ignals  a re  avai lab le  f o r  p lo t t ing  

or measuring. 

2.6 Balancing Procedure 

The experiments were performed during a period of one month; during 

a l l  t h i s  t i m e  t he  t a b l e  was kept a t  a zero tilt pos i t ion  by the  auto- 

matic table l e v e l l i n g  system. 

After  bringing the  vehicle  i n t o  operating conditions it was necessary 

t o  balance it and t o  l e v e l  the  t ab le ;  these  two operations must be done 

simultaneously, s ince the  vehicle  behavior determines both the  t a b l e  tilt 

and t h e  mass d i s t r i b u t i o n  on the  vehicle .  The t ab le  pos i t ion  can be 

adjusted by changing the  t ab le  angle biases,  Figure 2.6.1, while chang- 

ing the  mass d i s t r i b u t i o n  on t h e  vehicle  i s  achieved by put t ing  brass  

weights, Figure 2.3.1, on the  ACV and adjust ing the micrometer carr iage,  

under the  ba t te ry ,  Figure 2.3.4, and under the  capaci tor  pickoff housing, 

Figure 2.3.2. 

An i n i t i a l  rough l e v e l l i n g  was obtained by l eve l l ing  the  bubble 

l e v e l  which i s  located on t h e  g ran i t e  t ab le .  

The values of the  t a b l e  angle b i a s  a re  then recorded and the  vehicle 

t r a j e c t o r y  i s  observed. 

t i o n  on the  ACV is  adjusted. 

i s  shown i n  Figure 2.6.2b. 

s i b l e  t o  improve the system balance . .  A t r a j e c t o r y  of such a system i s  

If t h e  system i s  unbalanced, the  mass d i s t r ibu-  

A t y p i c a l  t r a j e c t o r y  of an unbalanced system 

By changing the  mass d i s t r i b u t i o n  it i s  pos- 

shown i n  Figure 2.6.2a. 

again i t s  t r a j e c t o r y  is  

A t  t h i s  s tage the  vehicle i s  turned 180' and 

obtained. If the  t r a j e c t o r y  i s  t h e  same as the  

22 
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( a )  

Vehicle t r a j e c t o r y  a t  d i f fe ren t  condit ions:  

Vehicle t r a j e c to ry  of balanced vehicle and leveled t ab le ,  
vehicle t r a v e l  over a l l  i t s  allowable range f 12 m i l s .  
( con t ro l  j e t  pressure 60 p .  s. i. ) . 
and t he  d i rec t ion  of the  g r av i t a t i ona l  fo rce  coincides with 
t he  x di rec t ion .  

Right Side: vehicle t r a j e c to ry  when t ab l e  tilt i s  3 arcsec, 
and the  d i rec t ion  of the  g rav i ta t iona l  force  i s  4 5 O  with the  
control  j e t  ax i s .  

Trajectory of r o t a t i ng  vehicle when t ab l e  tilt i s  3" arcsec.  

( b )  Left  Side: vehicle t r a j e c to ry  when t ab l e  i s  t i l t e d  3 arcsec, 

( e )  

TABLE 
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previous one, the  system i s  balanced; i f  it i s  similax t o  t h a t  shown i n  

Figure 2.6.213, t h e  t a b l e  l e v e l  i s  changed u n t i l  t h e  system i s  balanced. 

A t  t h i s  s tage  the  i n i t i a l  values of t h e  t ab le  angle b ias  potentiometer 

a r e  compared with t h e  present  values, and a new set of values a re  obtained 

by s e t t i n g  t h e  potentiometers a t  a mid-value. 

back t o  i t s  i n i t i a l  pos i t ion  and the  above s teps  are  repeated. This 

procedure continues u n t i l  a t u r n  of 180 

vehicle  t r a j e c t o r y  . 

The vehicle  i s  then turned 

0 does not cause a change i n  t h e  

This procedure was ca r r i ed  only once, s ince t h e  system was kept 

almost balanced by t h e  automatic t a b l e  l eve l l ing  cont ro l  and only s l i g h t  

da i ly  adjustments of t h e  t a b l e  b i a s  potentiometers were needed f o r  bringing 

the  system back t o  i t s  proper pos i t ion .  

2.7 The Experiments 

I n  order t o  i d e n t i f y  the  ACV system equations it was necessary t o  

ge t  a s  much information as possible  from each experiment. 

s e t s  of experiments were conducted. 

Three d i f f e ren t  

I n  t h e  f i rst  set of experiments t h e  e f f e c t  of the  g ran i t e  t a b l e  

surface on the  vehicle  was checked. These experiments were performed 

i n  order t o  estimate the  magnitude of the  e r r o r  introduced by performing 

d i f f e r e n t  experiments a t  d i f f e ren t  locat ions on t h e  t ab le .  

experiments were done during a period of one month, it was possible  t o  

keep the  loca t ion  of the  vehicle approximately constant.  

the  e f f e c t  of the  t a b l e  surface was checked only over an area which i s  

s l i g h t l y  bigger than t h e  diameter of t h e  vehicle  (prec ise ly  1.5" bigger) .  

Since a l l  t he  

Therefore, 



I n  the  remaining experiments both f u e l  consumption and vehicle 

t r a j e c to ry  were recorded as a funct ion of t he  g ran i te  t a b l e  tilt and 

t he  control  j e t  pressure.  

The amount of gas consumed by the  support j e t  and control  j e t s  was 

measured by an accurate pressure gauge ( 2  5 p . s . i . ) .  I n  order t o  repro- 

duce the  same i n i t i a l  conditions the  i n i t i a l  pressures of both support 

and control  tanks were 1000 2 5 p . s . i .  

The vehicle je ts  were aligned with the  t ab l e  corners so whenever 

t he  table was t i l t e d  only one channel f i r ed ,  while the  second channel 

t r a j e c to ry  was uneffected (see  Fig.  2.8.4) .  

The temperature i n  t h e  experimental area  remains constant; therefore ,  

) of both con t ro l  and support i n i t i a l  - ' f inal  the  pressure di f ference (P 

tanks was d i r e c t l y  proport ional  t o  the  gas consumption. 

The t a b l e  angle tilt was adjusted by the  t ab l e  angle b i a s  potentiom- 

e t e r s  (Fig. 2.6.1).  Table tilt angles range from 0" 2 0.1" t o  4" 2 0.3" ,  

which corresponds t o  height range of 400 t o  200 km. 

The con t ro l  j e t  pressure was adjusted by changing the  low pressure 

s ide  of the  pressure regula tor .  

40, and 60 p . s . i .  

Three d i f f e r en t  values were used 20, 

The support low pressure s ide  was kept a t  30 p . s . i . ,  while the  support 

flowmeter was kept a t  3 (S ta in less  S t e e l  b a l l ) .  

Information on the  vehicle t r a j e c to ry  was obtained from s igna l s  

leaving the  lead l ag  l ag  f i l t e r  (Fig. 2.5.1). 
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2.8 Results  

The r e s u l t s  a re  represented i n  two d i f f e r e n t  ways: 

a )  

b )  Vehicle t r a j e c t o r y .  

Pressure difference was the  measured parameter, and the  f u e l  r a t e  

Fuel  Consumption ( lb/hr  - nitrogen consumed) 

consumption i s  calculated by 

A P N  = 5.4 x a p  N 273 28 x 3 G =  - 
293’5 1.54 X X 22.4 

where 

0 
293.5 K 

28 - molecular weight of nitrogen 

3 - vqlume of storage tank ( l i t e r s )  

AP - pressure difference (p . s . i . / h r )  

i s  t h e  room temperature 

N - number of storage tanks 

(E = 2 f o r  con t ro l  system) 

( N  = 4 f o r  support system) 

22.4 - molar volume a t  standard conditions 

2 
1.54 X - conversion f a c t o r  - inch 

g r  

From t h e  f i r s t  s e t  of experiments it i s  c l e a r  t h a t  the  g ran i t e  

t a b l e  surface does not influence t h e  gas consumption, a t  l e a s t  i n  t h e  

v i c i n i t y  where a l l  experiments were performed. 
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Posi t ion  on t h e  Table Gas Consumption 

X( inches)  Y( inches)  l b  /hr 

-0.5 

0 

0.5 

-0.5 

0 

0.5 

0 .) 118 

0.129 

0.124 
I I 

Table 1 - Gas consumption ( lb /h r )  vs .  d i f f e ren t  loca t ions  on the  

t a b l e .  

The gas consumption r a t e  does not depend on the  cont ro l  j e t  pressure 

over a wide range. 

consumption because a l l  four  j e t s  f i r e  and some of the  f u e l  i s  wasted t o  

A t  very high a l t i t u d e s  the re  i s  an increase i n  f u e l  

counteract t h e  acce lera t ion  given t o  the  vehicle by t h e  opposite j e t .  

This phenomenon can be observed c l e a r l y  from t h e  analog computation 

r e s u l t s ,  See 3.10.3, and a l so  from Figure 2.8.1. 

Since each day the  l e v e l  pos i t ion  was s l i g h t l y  changed the  corre la-  

t i o n  found between d i f f e r e n t  experiments done on the  same day i s  higher 

compared t o  t h a t  found between experiments t h a t  were done on d i f f e ren t  

days. 

cannot be deduced accurately from Figure 2.8.1. However, i n  another 

s e t  of four experiments, a l l  done on the  Same day, t h e  f u e l  consumption 

va r i a t ion  with t a b l e  tilt was determined. These r e s u l t s  a re  shownin 

Figure 2.8.2. 

Therefore, t h e  dependence of t h e  f u e l  consumption on t a b l e  tilt 

The vehicle  t r a j e c t o r y  i n  the  usual sense i s  a s p a t i a l  descript ion 

of t h e  vehicle  pos i t ion  as shown i n  Figure 2.6.2, but i n  order t o  ex t rac t  

more information from the  analysis  of the  r e s u l t s  it i s  more convenient 

t o  have the  vehicle  " t ra jec tory"  i n  each channel a s  a funct ion of time. 
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I n  a l l  t h e  following f i g u r e s  the t r a j e c t o r y  of the  vehicle i n  both 

d i r ec t ions  i s  given a s  a funct ion of t i m e  and various other  parameters. 

Each f igu re  cons i s t s  of severa l  p a i r s  of curves. 

always the  t r a j e c t o r y  of t h e  vehicle  i n  x-di rec t ion  (channel l), while 

The upper curve i s  

the  lower curve i s  t h e  t r a j e c t o r y  of t h e  vehicle  i n  y-direct ion 

( channel 2 ) . 
The maximum t r a v e l l i n g  dis tance i n  any d i r ec t ion  i s  around t12 m i l s ,  

which i s  t h e  point  where the  cont ro l  jets  opened. 

I n  Figure 2.8.3 t h e  vehicle  t r a j e c t o r y  i s  given as  a function of 

time when t h e  cont ro l  jet  pressure i s  varied from 20 t o  60 p . s . i .  

t a b l e  i s  leveled; therefore  the  vehicle  i s  t r a v e l l i n g  over a l l  i t s  range 

1121 m i l s  i n  each d i r ec t ion .  

the  ve loc i ty  of t h e  vehicle  increased; therefore,  the  frequency of 

The 

As  the  cont ro l  j e t  pressure increased, 

f i r i n g  i s  a l so  increased. Moreover, i n  the  low range pressures any 

ex te rna l  disturbance due t o  nonideal behavior of t h e  j e t s  or minor 

r o t a t i o n  of the  vehicle  can be observed, and i n  these’cases  the  shape 

of t h e  curve i s  not regular .  

The e f f e c t  of d i f f e r e n t  t a b l e  t i l t s  on t h e  shape of t h e  t r a j ec to ry ,  

f o r  cont ro l  j e t  pressure of 60 p . s . i . ,  i s  shown i n  Figure 2.8.4. When 

the  t a b l e  i s  leveled, both t r a j e c t o r i e s  a re  a l i k e  since t h e  vehicle is  

t r a v e l l i n g  over a l l  i t s  allowable range. Note t h a t  the  g rav i t a t iona l  

force i s  aligned with t h e  vehicle  axis. Therefore the  force  i s  f e l t  

only i n  one channel. (See a l so  Fig. 2.6.2b.) Since it was not possible  

t o  avoid minor angular veloci ty,  t h e  pulses  a re  not always uniform. 

However, t he  e f f e c t s  of increasing t a b l e  tilt a re  c l ea r ly  observed. The 
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Figure 2.8.3. Vehicle t r a j e c t o r i e s  of leveled and balanced system as a 
funct ion of cont ro l  j e t  pressure:  
(a) Control j e t  pressure 20 p . s . i .  
(b) Control j e t  pressure 40 p.s . i .  
( e )  Control j e t  pressure 60 p . s . i .  
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Figure 2.8.4. Vehicle t r a j e c t o r y  as a funct ion of d i f f e ren t  t a b l e  t i l t s ;  
note t h a t  t h e  g rav i t a t iona l  force  i s  aligned with t h e  a x i s  
of t h e  con t ro l  j e t  i n  channel 2 .  

( a )  Table leveled 
. ( b )  Table tilt l a r c s e c  

(continued) 

33 



+I2 - 

Ch.1 0 - 
v) 
-I - 
z 

-12 - 

Ch.2 +12- 

Ch.1 0 - 

Ch. 2 +I2 - 

Ch. 2 4-12 - 

TIME (sec) 

Figure 2.8.4 (continued) ( c )  Table tilt 2 arcsee 
(d)  Table tilt 3 arcsec 
( e )  Table tilt 4 arcsec 
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frequency of f i r i n g  i s  increased, while the  height o f -t h e  parabolas i s  

decreased. 

The same curves but with d i f f e r e n t  t i m e  sca le  a re  shown i n  Figure 

This f igu re  was included i n  order t o  show the  e lec t ronic  cross 2.8.5. 

coupling e f f e c t .  

f u e l  consumption; therefore ,  t h i s  e f f e c t  was not included i n  the  sirnula- 

t i o n  (see sec.  3.5). 

It was f e l t  t h a t  t h i s  e f f e c t  does not influence the  

The e f f e c t  of d i f f e r e n t  con t ro l  j e t  pressures on vehicle t r a j ec to ry ,  

When cont ro l  j e t  when t a b l e  tilt i s  4 arc  sec, i s  shown i n  Figure 2.8.6. 

pressure i s  20 p . s . i . ,  t he  frequency of f i r i n g  i s  very high and it i s  

almost impossible t o  d is t inguish  between the  individual  pulses .  

pulse height  i s  increased with the  pressure, while the  pulse frequency 

i s  decreased. 

The 

The t r a j e c t o r y  of t h e  ro ta t ing  vehicle when t a b l e  tilt was 3 arc  sec 

and con t ro l  j e t  pressure was 60 p . s . i .  i s  shown i n  Figure 2.8.7. 

i s  t h e  only da ta  of ro t a t ing  vehicle  ava i lab le  i n  t h e  present repor t .  

This 
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Figure 2.8.5. Vehicle t r a j e c t o r y  a s  a function of d i f f e r e n t  t a b l e  tilt: 

( a )  Table tilt 1 arc  see 

( b )  Table tilt 2 a rc  sec 

. ( c )  Table tilt 4 arc  sec 
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Figure 2.8.6. Vehicle t r a j ec to ry ,  when t ab le  tilt i s  4 arc  sec, as a 
funct ion of d i f f e ren t  cont ro l  j e t  pressures:  

( a )  Control j e t  pressure 20 p . s . i .  

(b)  Control j e t  pressure 40 p . s . i .  

( e )  Control j e t  pressure 60 p . s . i .  
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CHAPTER I11 

ANALOG SIMULATION 

P 

3.1 Introduction 

Two PACE TR-48 analog computers were used t o  simulate the  ACV. The 

TR-48 computer i s  a f u l l y  t r ans i s to r i zed  analog; a d e t a i l  descr ip t ion  

of t h e  u n i t  can be found i n  [Reference 41. The program on the  analog 

was divided i n t o  two main p a r t s :  

a )  ACV Simulation, and 

b )  Measuring devices and re l ays  f o r  s laving t h e  analog t o  the  

d i g i t a l  computer f o r  t h e  optimization purposes (described l a t e r ) .  

ACV Simulation : 

The program cons i s t s  of nine p a r t s :  

1) mnamics of t h e  ACV. A s  described l a t e r  two d i f fe ren t  programs 

were used, 

Coordinate Transof rmat ion, 2 ) 

3) Pos i t ion  sensor, 

4 )  Velocity and pos i t ion  f i l t e r ,  

5)  

6 )  P.W.P.F. with Dead-Zone, 

7 )  Fuel  consumption measurements 

8)  Maximum range measurements 

9)  

Schmitt t r i g g e r  (as p a r t  of t h e  con t ro l  mechanism), 

Noise generator  and f i l t e r  for analyzing the  noise. 

Two d i f f e r e n t  simulations were used. I n  t h e  f i r s t  case the  equations 

of motion were given i n  body-fixed coordinates, while i n  the  second case 
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t h e  equations of motion were given i n  i n e r t i a l  coordinates.  

programs are  shown i n  Figures 3.10.1 and 3.10.2. 

Both 

3.2 ACV Dynamics 

Derivation of the  equations of motion f o r  the  three-dimensional 

"zero-g s a t e l l i t e "  have been given by Large [Reference 11. 

of motion of t h e  two-dimensional ACV are  obtained s imi la r ly  

The equations 

(3.2.1) 

where 

2 
x - U X - ~ U Y  = F C O S U ~ + F  g ex 

2 y - c u  y + 2 u x  = - F  s incut  + F  
g C Y  

LU 

F 

- i s  t h e  angular ve loc i ty  of the  ACV rad/sec. 

- i s  t h e  magnitude of the  g rav i t a t iona l  acce lera t ion  (which can 
g 

be adjusted by changing the  t ab le  tilt on which the  ACV i s  

f l o a t i n g ) .  

- are  the  con t ro l  acce lera t ion  along t h e  x and y Fcx' 

coordinates.  

x, y - a re  t h e  coordinates of the  ACV; t he  most convenient coordinate 

system i s  a body-fixed frame. 

I n  order t o  observe the  motion i n  i n e r t i a l  frame, a coordinate t r a n s -  

formation was programmed on t h e  analog (See 3.3). 

The analog computer program, together  with s i n  and cos generators,  

For reasons of c l a r i t y  some of the  outputs i s  given i n  Figure (3.2.1) .  

were not included i n  t h i s  f igu re .  The parameter @ appearing i n  the  

diagram is  a scale  f ac to r ,  and t h e  numbers r e f e r  t o  a t tenuators  and 
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ampl i f ie rs  of the  TR-48 No. 2 analog computer. The voltage a s  read on 

t h e  am@?-fiers i s  r e l a t e d  t o  the  pos i t ion  of the  ACV by the  following 

equations : 

'ACV - - 'analog * 10 [mils/volt I 
(3 .2 .2)  

'ACV - - 'analog 10 [mils/volt I 

By defining 

t ; = x + i y  

it i s  possible t o  reduce Equation (3.2.1)  t o  

2 .. 
t; + 2icui - u) 5 = F~ + F,, 

where 

CY 
FC = FCx + i F 

+ i F  . 
FD = FDx DY 

Equation (3.2.4) can be wr i t t en  as 

2 (D2 + 2icuD - cu )t; = FC + FD . 

The roots  of Equation (3.2.6)  a re  given by 

(3.2.4)  

(3.2.5)  

(3.2.6)  

It was found t h a t  when 

double root, 

cu f 0 it was ra the r  d i f f i c u l t  t o  simulate the  

f o r  t h i s  reason, a simulation i n  which the  vehicle 
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dynamics i s  given i n  i n e r t i a l  coordinates was constructed. I n  t h i s  form 

t h e  equations of motion a re  given by 

= F D + F  cX' 

(3.2.8) 

where 

cos cu t  - F s i n  cu t  - 
FCx' - FCx cy 

s i n  cu t  + F cos cu t  m F -  cy' - FCx 

The simulation of t h i s  equation of motion i s  shown by Figure 3.2.2, 

together  with s ine  and cosine generators,  and cont ro l  acce lera t ion  t r ans-  

formation (Eq.  3 .2.9) .  

3.3 Coordinate Transformation 

The pos i t ion  and ve loc i ty  of the  ACV i n  i n e r t i a l  reference frame 

( x * ,  y ' )  

t h e  body-f ixed frame by : 

a re  r e l a t ed  t o  t h e  pos i t ion  and veloci ty coordinates (x,y)  i n  

a )  Pos i t ion  i n  i n e r t i a l  frame 

x '  = x cos c u t  - y s i n  c u t  

y '  = y cos c u t  + x s i n  cu t  

b )  Velocity i n  i n e r t i a l  frame 

(3.3.1) 

(3.3.2)  
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COORDINATE TRANSFORMATION 

I I 

27 

I I 

I 

=I- 

sin wt 

cos wt 

- sin wt 

-cos wt 

= x ' c o r t  t y'sin Wt 

i-1 
-0,lylsin wt  

0. I x'sinut L+ -x'sin ut 

-0. I y'coswt 

Figure 3.3.2. Coordinate transformation simulation (Inertial coordinates 
' to body-fixed coordinates). This transformation is the 

inverse of the transformation shown in Figure 3.3.1 
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* .  
where x, y - a re  the  v e l o c i t i e s  components i n  body-fixed coordinates 

k', i t  - are the  v e l o c i t i e s  components i n  i n e r t i a l  frame. 

The analog program which simulates t h i s  transformation i s  given i n  Figure 

3.3.1. Some p a r t s  of t h e  program which are  not  relevant  t o  the t r a n s -  

formation a r e  not shown here.  

x '  and k t  or y '  and $ I .  

This program allows the  observation of 

The con t ro l  and sensing devices a re  on the  vehicle and a re  ro ta t ing  

with it. Therefore, the  complete simulation can be done i n  body-fixed 

coordinates without using the  above coordinate transformation; the  only 

reason f o r  including t h i s  p a r t  was for checking purposes. Since i n t u i t i o n  

can be used i f  the  t r a j e c t o r y  i s  given i n  i n e r t i a l  coordinates. But i f  

the  equations of motion a r e  given i n  i n e r t i a l  coordinates (Eq. 3.2.8) a 

transformation of coordinates i s  necessary because the  con t ro l  mechanism 

i s  actuated by e r r o r  s igna l s  proport ional  t o  the  pos i t ion  and veloci ty  i n  

the  body-fixed coordinates. The coordinate transformation, which i s  t h e  

inverse t o  the  one shown i n  Figure 3.3.1, i s  given i n  Figure 3.3.2. 

3.4 Pos i t ion  Sensor 

The pos i t ion  sensor simulation i s  shown i n  Figure 3.4.1. The outputs 

of t h e  pos i t ion  sensor i n  both d i rec t ions  F1(x,y) and F 2 (x,y) depend 

on both x and y as can be seen from Figure 2.4.5. The simulation 

cons i s t s  of two parts:  2 )  generating 1) generation of contours, and 

1) Generation of contours.  

~ ~ ( x , y )  = Const J 
47 
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It i s  assumed t h a t  near t h e  o r ig in  F1 depends only on x and F2 

depends only on y. Therefore, a t  t h i s  region the  contours a re  given by 

t h e  l i n e s  

x = Const 

y = Const 
(3.4.2) 

A s  x and y increase,  t he  dependence of both F1 and F2 on y and 

x respect ive ly  i s  increased. It is assumed t h a t  i n  t h a t  region the  

equation of the  contours i s  given by 

2 -  x ( 1  + A X y ) = x + fl(x,Y) 

y ( 1  + B X x 2 ) f y + f2(x,Y) 
(3.4.3) 

The coe f f i c i en t s  A and B and t h e  breaking poin ts  a re  determined by 

a t tenuators  numbers 35, 37, and 09 f o r  the  x-di rec t ion  and by atLenuators 

numbers 12, 22, and 36 f o r  the  y-di rec t ion .  The values of the  coeff ic ients  

were not calculated e x p l i c i t l y ;  the  a t tenuators  were adjusted so t h a t  the  

contours obtained from t h e  simulation w i l l  f i t  t h e  experimental contours 

which were obtained from Figure 2.4.4. 
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28.8 
27.5 
26.2 
25 .o 
22.5 

42.5 
41.2 
41.2 
41.2 
40.0 
39.2 
37.2 
31.2 

60.0 
60.0 
58.5 
57.5 
56.2 

50.0 

54.0 

40.0 

77.0 
77.0 
73.0 
71.0 
71.0 
68.5 
62.5 
50.0 

Table 3.4.1 Contours of constant output of the  pos i t ion  sensor i n  X- 
d i rec t ion  ( F ~ ( X , Y ) ) .  

The corresponding controus, Table 3.4.1, were obtained by s e t t i n g  the  

values of a t tenuators  35, 36, and 09 t o  

~i = 0.08 (Pot .  35, 36) 

a2 = 1.00 (Pot .  09 )  

(Since CX2 = 1.00 it was not used i n  the  complete program). 

(3.4.4) 

I 

Table 3.4.2 The corresponding analog computer contours for the  pos i t ion  
. , sensor i n  X d i r ec t ion .  



Similar ly  f o r  the  y d i rec t ion  the  experimental values of the  contours 

a re  given i n  Table 3.4.3. 

4.75 
4.72 
4.66 
4.49 
4.24 
3.93 
3.61 
3.28 
2.99 

x m i l s  0.25~ 0.5mv 

6.85 
6.83 
6.71 
6.45 
6.04 
5.59 
5.13 
4.68 
4.22 

0 

10 
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60 
70 
80 

1.5 
15 
15.8 
13.8 
13.8 
12.5 

12.5 
11.8 
11.2 

23.8 

23.8 
23.8 
23.0 

22.4 
21.3 

19.2 
17.5 
15.0 

y m i l s  

1. Omv 1.5mv 2.Orn.v 

47.5 
47.5 
46.4 
45 .O 

43.0 
40 .O 

36.7 
32.5 
27.5 

68.5 
68.5 
67.5 
65 .o 
61.3 
57.5 
52.5 
45.0 
37.5 

77.5 
77.5 
76.3 
73.7 
70.0 
65 .o 
57.5 

~ 51.3 
43.7 

Table 3.4.3 Contours of constant output of the  pos i t ion  sensor i n  
d i r e c t i o n  

Y- 
( F2 ( x , y ) ) 

The corresponding contours on the  analog were obtained by s e t t i n g  at tenu-  

a t tenuators  numbers 12, 22, and 36 t o  

D2 = 0.08 (Pot .  12 and 22) 

= 0.110 (Pot.  36) 
(3.4.5) 

x v o l t s  

- 0  

1 

2 

3 

4 
5 
, 
6 

7 
8 

1.5 
1.49 
1.49 
1.40 
1.40 
1.42 
1.22 
1.10 

1.03 

2.38 
2.37 
2.32 

2.20 
2.19 

1.87 

1.56 

2.03 

1.73 

7-75 
7.72 
7.58 
7.25 
6.83 
6.30 
5.81 
5.26 
4.76 

Table 3.5.3 Contours of constant output of the  pos i t ion  sensor Y-  
d i rec t ion  as obtained from the  analog simulation. 
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2 )  Generating F1(x,y) and ,F2(x,y) 

Output of V.D.F.G. 
F1(x,y) v o l t s  7 

k0.5 k0.75 k1.0 ~1.5 22.0 k2.5 k4.0 

Input to V * D * F . G *  32.5 ~ 2 . 2 5  73.0 ~ 4 . 2 5  ~ 5 . 1 2  r6 .0  ~ 7 . 7  
Amp. 35 v o l t s  

Once the  s igna l  i s  obtained on amplif iers  numbers 35 and 36 f o r  x 

and y d i rec t ions  respect ively,  it i s  fed  i n t o  variable diode funct ion 

generators.  

generators a re  given i n  t h e  following t a b l e s :  

The potentiometer s e t t i n g s  of the  variable diode funct ion 

24.3 k5.5 k6.33 

78.0 $9.0 ~10.0 
~~ J 

Table 3.6.4 V.D.F.G. Se t t ings  for posi t ion  sensor i n  x direc t ion .  

24.4 k5.4 k6.8 ~ 8 . 4  k10.4 

F5.0 ~ 5 . 0  r7 .o  58.0 F 9.0 Input t o  V.D.F.G. F..o Amp. 34(vol t )  

k12.0 

~ 1 0 . 0  

Table 3.7.5 V.D.F.G. Se t t ings  for pos i t ion  sensor i n  y d i rec t ion .  

Note t h a t  the  s igna l  i n  t h e  y d i r ec t ion  (Table 3.4.5) i s  twice the ac tua l  

s igna l  ( see  Figure 2 .4 .5) .  This i s  done t o  increase the  accuracy of the  

V.D.F.G. 

( see  Figure 2.5.1) simulation (see Figure 3.5.1)  a re  s e t  on the  same gain, 

while on the  ACV t h e  ga in  i n  the  

i n  t h e  x d i rec t ion .  

I n  order t o  compensate f o r  t h i s  deviation, the  AC amplif iers  

y d i r ec t ion  i s  twice t h a t  of the gain 

3.5 Pos i t ion  and Velocity F i l t e r  

The e r r o r  s ignals  generated by t h e  pos i t ion  sensor are passed through 

high gain amplif iers  simulated by a t tenuators  number 20 and 21, which a re  

s e t  a t  
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AT2 = 0.4 (3.5.1)  

t o  avoid overload of the  sens i t ive  lead  lag  l ag  f i l t e r .  The "amplified" 

s ignal  i s  passed through a lead  lag  l ag  f i l t e r  with the  t r a n s f e r  function 

(3.5.2) 
l + s  G ( s )  = 

( 0.02s+1)2 

A t  t h i s  point  noise i s  being introduced t o  the  system ( f o r  d e t a i l s ,  see 

Section 3.9). 

A cross  coupling i s  added t o  t h e  e r r o r  s igna l  by t h e  r a t e  gyro 

potentiometers (Figure 2.3.  l), making the  error s igna l  proport ional  t o  

E = x + k-(w,y) + Nx 
X 

(3.5.3) 

E = y + $+'(u),y) + N 
Y . Y  

where 

' 
x + k - output of t h e  lead lag lag  f i l t e r  

mzy - r a t e  gyro cross  coupling 

N - noise i n  x channel 
X 

y + $ - output of t h e  lead l a g  l ag  f i l t e r  

u) x - r a t e  gyro cross  coupling 
Z 

N - noise i n  y d i r ec t ion .  
Y 

The r a t e  gyro cross  coupling can be disconnected by funct ion switches 

numbers 1 and 2.  The program i s  shown i n  Figure 3.5.1. 
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POSITION AND VELOCITY FILTER 

Figure 3.5.1. Position and velocity filter simulation 
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A s  can be seen from Figure 2.8.5, there  i s  an e l ec t ron ic  cross  

r 

coupling of both channels. 

i s  not a f fec ted  by t h i s  c ross  coupling, it was not simulated, but  it 

can be included very e a s i l y  i n  the  program i f  t h e  following s teps  are 

followed: 

Since it was f e l t  t h a t  the  f u e l  consumption 

1. Connect t h e  output of Amp. 20 (TR-48 #1) through an a t tenuator  

t o  the  input of amplif ier  29' (TR-48 # 1). 

2. Connect the  output of Amp. 2 1  through an a t tenuator  t o  the  

input  of Amp. 28 (TR-48 # 1). 

3. Set  the  a t tenuators  t h a t  have been used i n  s teps  1 and 2 t o  

0.01. 

The e f f e c t  of t h i s  e l ec t ron ic  cross  coupling is  shown i n  Figure 3.5.2. 

3.6 Control Circui t  

The con t ro l  simulation i s  given i n  Figure 3.6.1. It consis ts  of dead 

band and P.W.P.F. valves which include two in teg ra to r s  with Schmitt t r i g g e r  

r e s e t  feedback. 

The dead band i s  determined by a t tenuators  24 and 39 f o r  t h e  x 

channel and 29 and 14 f o r  the  y channel. The dead band on t h e  vehicle 

i s  equivalent t o  12.5 m i l s .  I n  order t o  achieve the  equivalent dead band 

(1.25 v o l t )  , t h e  a t t enua to r ' s  s e t t i n g  should be 

Pot.  24 = 0.0360 

Pot.  39 = 0.0407 

Pot .  29 = 0.03 

Pot .  14 = 0.03 
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ELECTRONIC 
S COUPLING 

I I I I I I I 
0 10 20 30 40 50 

LWITHOUT ELECTRONIC 
CROSS COUPLING 

+ 12 mils 

0 

- 12 mils 

0 

Figure 3.5.2. Electronic cross coupling e f f e c t .  

( a )  W i t h  c ross  coupling 

(b) NO cross  coupling 

Note: Gravi ta t ional  Force coincides with x direc t ion .  
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The P.W.P.F. c h a r a c t e r i s t i c s  a r e  determined by four  parameters: 

1) 

i n t o  the  in teg ra to r s  (100 kQ o r  10 kQ) and by the  value of the  feedback 

capacitor  determined by t h e  

2 )  Threshold of Schmitt t r i g g e r  determined by O.lGl. 

3) 

4) The height of the pulse determined by L. 

In tegra tor  time constant determined by Gj  H, the  input res is tance  

"f3 plug". 

The width of the  Schmitt t r igge r ,  which i s  determined by (e1 - e 2 ) .  

[Pulse Height] = 

The value of 

were adjusted so t h a t  t h e  cha rac te r i s t i c  of the  simulated system w i l l  be 

equal 50 t h a t  of the  P.W.P.F. on the  ACV (Fig. 2.5.2). 

L = 0.472 was kept constant, while a l l  o ther  parameters 

. The contro l  j e t  pressure i s  simulated by a t tenuators  2 1  and 20. 

When i n e r t i a l  coordinates a re  used the cont ro l  j e t  pressure i s  simulated 

by a t tenuators  02 and 17 (See Fig.  3.10.2). A s  it can be seen (Fig.  

3.6.1) an arrangement of two diodes i n  p a r a l l e l  appears a t  severa l  places 

This i s  done i n  order t o  el iminate small s ignals  due t o  nonideal behavior 

of the  Schmitt t r i g g e r  bang-bang c i r c u i t ,  especia l ly  when fed  i n t o  

in tegra tors .  

A s  mentioned l a t e r  (see See. 3.11), the  width of the  Schmitt t r i g g e r  

hys te res i s  loop, the  threshold of the  Schmitt t r i g g e r  and the  width of 

the Dead-band were adjusted by the  d i g i t a l  compuker, using the  d i g i t a l  

a t tenuators  ca l l ed  xlJ 

3.6.3 and 3.6.4, a ca l ib ra t ion  curves a re  given f o r  reca lcula t ing  the  

cont ro l  parameters from the  values s e t  by t h e  d i g i t a l  computer. 

respect ively.  I n  the  following Figures x2J x3 

Observe 



PPS 

14 

x (volts) 
( a  1 

Figure 3.6.2. P.W.P.F. Character is t ics  

( a )  channel x 
(b )  Channel y 

y (volts) 
(b) 
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I I I I I 
2 4 6 8 IO 

X, DIGITAL SETTING 

Figure 3.6.3. Calibrat ion curve for Schmitt-Trigger hys te r i ses  loop 

l o  I 

X2 DIGITAL SETTING 

Figure 3.6.4. Calibrat ion curve f o r  Schmitt-Trigger t reshold  voltage 
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t h a t  a l l  a t tenuators  which a re  associated with the  cont ro l  simulation 

should be s e t  equal  t o  t h e  s e t t i n g  shown i n  Table 3.10.2 column 2 .  

3.7 Fuel  Consumption Measurement 

The s ignals  from both P.W.P.F. a r e  the  cont ro l  accelerat ions and a re  

proportional t o  the f u e l  consumption. The fue l  consumption measurement (Fig. 3.7.1) 

includes two absolute value c i r c u i t s  f o r  both channels and an in teg ra to r .  

Six diodes a re  used t o  increase the  accuracy of the  measurement system 

(see Figure 3.7.2) 

3.8 Maximum Range Measurement 

The problem of f inding the  gain s e t t i n g  of the  P.W.P.F. cont ro l  which 

corresponds t o  minimum f u e l  consumption i s  a s t a t e  constrained problem. 

Clearly, if one does not impose any cons t ra in ts  on the  range of 2: and 

y, the  problem i s  t r i v i a l ,  s ince by not cont ro l l ing  the p lant  the  f u e l  

consumption i s  minimized. Therefore, it i s  necessary t o  measure the  

maximum range. The maximum range simulation i s  shown i n  Figure 3.8.1. 

Since most of t h e  ampl i f ie rs  of both computers were used, it was not 

possible t o  construct  an absolute value c i r c u i t ;  instead,  it was assumed 

t h a t  

IXminl = lXmax I 

lYminl = lYmax I 

where 

X min X max 

(3.8.1) 

(3.8.2)  
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c 

1- WITHOUT DIODES 

I  WITH DIODES 

TIME 

Figure 3.7.2. Ef fec t  of a small dead zone generated by two diodes on 
f u e l  consumption in tegra t ion .  



UT 

Figure 3.8.1. Maximum range measurement 
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. 

which i s  t r u e  when the  vehicle i s  ro ta t ing .  I n  cases-where t h e  vehicle  

does not r o t a t e ,  it i s  always possible  t o  adjust  (Equation 3.2.1) so  

t h a t  

X = Max max 

Ymax = Max 

X I  

YI 
(3.8.3) 

Attenuators 07, 08 were s e t  equal t o  1.0. 

3.9 [ 

I n  t h i s  simulation two e lec t ronic  noise generators,  E . A . I .  Model 20lA, 

were used. The output spectrum i s  uniform (f 0.1  db) from 0 t o  35 cps. 

Output f a l l s  off rap id ly  above 40 cps. 

15 v o l t s  r m s .  More d e t a i l s  can be found i n  PACE Catalog. 

The two noise f i l t e r s  and noise analyzers a re  i d e n t i c a l  and are shown i n  

Figure 3.9.1. 

l e v e l  and then the noise i s  passed through a f i l t e r  

The maximum output l e v e l  i s  

[Reference 51. 

It includes a t tenuators  35 and 36 f o r  reducing the  noise 

1 
G ( s )  = 

( 0 .  olS+1 l4 
(3.9.1) 

A s  the  order of t h e  f i l t e r  i s  increased, the  influence of the  nonuniform 

port ion of the  generator i s  diminished. 

The noise l e v e l  which passes the  four th  order f i l t e r  i s  very low, 

and t o  increase t h e  accuracy of the  analyzer it i s  passed through 

amplif iers  40 and 41, then it i s  fed i n t o  an absolute value c i r c u i t  and 

in tegra ted .  

overload of' t he  analog amplifiers,  t he  in tegra tor  i n i t i a l  value is  s e t  a t  

-10 v o l t s .  

I n  order t o  increase the  in tegra t ion  time and ye t  avoid the  
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The noise spectrum i s  r e l a t e d  t o  the  output of these in teg ra to r s  

3.10 Simulation Results  

The complete simulation i s  shown i n  Figures 3.10.1 and 3.10.2. I n  

the  f i rs t  f igure  the  equations of motion a r e  given i n  body-fixed coordinates 

(Equations 3.2.1) while i n  Figure 3.10.2 the equations of motion a r e  given 

i n  i n e r t i a l  coordinates. Two parameters a re  s t i l l  t o  be iden t i f i ed :  

1) The equivalent cont ro l  j e t  pressure simulated by a t tenuators  

02 and 17 (TR-48 # 2)  f o r  i n e r t i a l  coordinates and a t tenuators  

20 and 21 f o r  the  f i r s t  simulation. 

The complete co r re la t ion  between f u e l  consumption of the 

simulated vehicle and f u e l  consumption of the  ACV. 

2 )  

, 
These experiments were performed only on the  system shown i n  Figure 

3.10.2, therefore  a l l  ca l ib ra t ion  curves are va l id  for the a t tenuators  

s e t t i n g  shown i n  column 3 of t a b l e  3.10.2. 

I n  the  f i r s t  s e t  of experiments the  f u e l  consumption was measured as 

a function of the  con t ro l  j e t  pressure (Attenuators 02 and 17) f o r  zero 

tilt. The r e s u l t s  obtained a re  given i n  Figure 3.10.3. 

The tangent t o  the  f u e l  consumption curve which passes through the  

o r ig in  i s  a l so  included. Any tangent t o  the curve a t  poin ts  g rea te r  than 

0.145 i n t e r s e c t s  t h e  negative p a r t  of the  f u e l  consumption axis.  From 

the  experimental r e s u l t s  (Figure 2.8.1, "Table Leveled") it i s  c l ea r  t h a t  
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- I.." * - .*-.a ., 

Figure 3.10.2. Complete vehicle simulation. Vehicle dynamics equation 
i n  i n e r t i a l  coordinates.  



POT SETTING 
(02 and 17 on TR-48%2) 

Figure 3.10.3. Gas consumption (voltslmin) as a function of simulated 
control jet pressure. 
by attenuators 02 and 1-7 for the simulation shown in 
Figure 3.10.2. 

Control jet pressure is simulated 
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t he  in te r sec t ion  occurs a t  pos i t ive  values of the  fuel.consumption axis .  

Therefore the  a t tenuator  s e t t i n g  should be l e s s  than 0.145. 

I n  order t o  f i n d  the exact a t tenuator  s e t t i n g  the  t r a j e c t o r y  of the  

vehicle i n  the  x d i r e c t i o n  was measured as  a funct ion  of th ree  d i f f e ren t  

a t tenuator  s e t t i n g s  (0.10, 0.15, 0.17) and four  d i f f e ren t  t a b l e  tilt 

angles (l", 2" ,  3", 4") I 

The t r a j e c t o r y  i s  shown i n  Figure 3.10.4. The s ignals  shown i n  

t h i s  f igure  are  s imi lar  t o  those shown i n  Figures (2.8.4, 2.8.6) ,  but 

the  amplitude of the  s ignals  was amplified 50 times and only one p a i r  of 

parabolas was included. For each a t tenuator  s e t t i n g  there  are four  

p a i r s  of parabolas. Each corresponds t o  a d i f f e r e n t  t a b l e  tilt angle, 

s t a r t i n g  with 4 arcsec.-  t h e  lower parabolas. By comparing the  shape of 

the  d i f f e r e n t  parabolas obtained i n  the  simulation with t h a t  obtained i n  

the  experiments it was found t h a t  an a t tenuator  s e t t i n g  of 0.1 resul ted  

i n  t h e  bes t  correspondence between simulator and experiment. 

Table T i l t  

Theoret ical  Values 
i 

Equivalent 
Pot .  Se t t ing  Seconds 

1 " 0.0188 

2 0.0375 

3 0.0565 

4 'I  0.0752 

a 
Calculated 

Values 
( seconds ) 

0.98 

1.7 

2.54 

3.4 

Second / 
Cycle 

2 

1 

0.4 

0.5 

Const. 

40 2 

28 2 .1  

20 I 2.0 

Table 3.10.1 Trajectory o f  simulated vehicle i n  x d i rec t ion  (Control j e t  
a t tenuators  s e t  a t  0.1, Figure 3.10.4 a )  

I 



Figure 3.10.4. Vehicle t r a j ec to ry  i n  x d i rec t ion .  Since the  grav i ta-  
t i o n a l  force coincides only with channel x, t he  
t r a j ec to ry  i n  y d i r ec t ion  i s  not affected and therefore  
i s  not shown. 

( a )  

( b )  

( C  

Attenuators simulating cont ro l  j e t  pressure a re  s e t  
. a t  0.1, and t a b l e  tilt angle i s  1, 2, 3, 4 arc  see. 

Attenuators simulating cont ro l  j e t  pressure a re  s e t  
a t  0.15, and t ab l e  tilt angle i s  1, 2, 3, 4 arc  see.  

Attenuators simulating cont ro l  j e t  pressure are  s e t  
a t  0.17, and t ab l e  tilt angle i s  1, 2, 3, 4 arc  see.  

Signal i s  shown a f t e r  amplif icat ion of 50 times. Complete program i s  
shown i n  Fig.  3.10.2. 
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P THEORETICAL TABLE TILT 
(COLUMN I TABLE 3.10.2) 

0 CALCULATED TABLE TILT 
- (COLUMN 3 TABLE 3.10.2) 

I I I I I 

I 2 3 4 5 6 
TABLE TILT (arc sec) 

Figure 3.10.5. Fuel consumption as a function of d i f f e r e n t  t ab le  t i l t s .  
The corresponding a t tenuator  settings are shown i n  
Table 3.10.1, Column 2. (Attenuators 20 and 21, TR-40 #2). 
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TABLE TILT (arc SeC) 
3 4 5 0 I 2 

I 1 0.6 

0.4 I 

Figure 3.10.6. Correlat ion curve f o r  f u e l  consumption. (Valid f o r  the  
simulation shown i n  Fig.  3.10.2). +l5% 

3 
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The a t tenuator  s e t t i n g s  given i n  Column 2 were obtained by 

(3.10.1) v o l t s  
2 sec a rc  see 

[Acceleration due t o  Table T i l t ]  = 0.188 

The ca lcula ted  t a b l e  t i l t s ,  column 3, were obtained from 

R a =  (m2 
where 

a = accelera t ion  

R = distance (column 5 Table 3.10.1) 

t = second/cycle. (column 4 Table 3.10.1) 

. (3.10.2) 

After  f inding t h e  equivalent a t tenuator  f o r  the  cont ro l  j e t  simu- 

l a t ion ,  f u e l  consumption measurement a t  d i f f e r e n t  t a b l e  t i l t s  was 

performed. The r e s u l t s  of t h a t  experiment a re  shown i n  Figure 3.10.5. 

Again the  corresponding a t tenuator  s e t t i n g s  were equal  t o  those given 

i n  Column 2, Table 3.10.1. 

from t h e  simulation experiments and the  ac tua l  gas consumption of the  

The r e l a t i o n  between f u e l  consumption obtained 

vehic le  is  given i n  Figure 3.10.6. 

of the  s imulat ion. .  

This completes the  iden t i f i ca t ion  p a r t  

I n  the  following t a b l e  a l i s t  of a l l  a t tenuators  used i n  the  s imula-  

t i o n  i s  given, together  with i t s  functions and i t s  values. 

d i f f e r e n t  programs were used (Figure 3.10.1 and 3.10.2) and the use of 

" d i g i t a l  a t tenuators"  (see  Section 3.11) i s  optional ,  there  are  three  

d i f f e r e n t  columns with th ree  d i f f e ren t  a t tenuator  se t t ings .  Program 

number one w i l l  r e f e r  always t o  the  simulation given by Figure 3.10.1, 

Since two 
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F""Cfi0" 

1 38-e 

1 06'. 

1 05" 

S," a"* co 

2 05 

2 (16 

2 07 

2 10 

2 11 

2 12 

2 I 3  

"ehlcle Lly 

2 00 

2 01 

2 15 

2 16 

2 M* 

2 31 

2 03 

2 18 

2 19. 

2 30 

N o t  used -0.2 not used TZ defermine time needed 
for ell transient to  decay 

Not used 0.06 Not use4 TI rate of time ehnnge for 
oper~fing mode 

Not used 0.6  Not used T2 rate of tlrne change for 
reset mode 

Frogram D i g i t a l  Program 
No. 1 Connected No. 2 

Grnvitntional Force 

2 02 Variable 

2 I? Variable 

2 20 N o t  "led 

2 21 N o t  used 

Noise Analyzer 

2 J5 Variable 

2 36 Yarlable 

2 22 0.5 

2 23 1.0 

a 32 1.0 

2 33 0.5 

PosZtim sensor 

1 35 

1 37 

1 22 

1 12 

1 09* 

1 36 

0.08 

0.08 

0.08 

0.08 

1 .OO 

0.11 

0 .o 

1 .o 

Variable 

"arlable 

0.1 

0 1  

0.1 

0.0 

0.0 

0.0 

0.0 

Not Used 

Not Used 

1 .o 

1 .o 

Not "3s 

Not "SO 

Not Yse 

NOf " I C  

0.1 

Variabl 

VariSbl 

Variabl 

0.5 

1 .O 

1 .o 

0.5 

0.08 

0.08 

0.08 

0.08 

I .oo 

0.11 

- - 

For program 1, a was used 
for sdjmsfing fbe amplitude 
Of cor(uf) 
For Program 2 1 f F ,  

For program 1 u/lO 
For program 2 1!P 

Fd/a for I direction 

F /@ for y dlrectlon 

10.1 Fd 

}DZ sdJustlng the breaking 
point in x charnel 

}D2 adjusting tlle breaking 
mint in I charnel 

012 eontovr lMpe x channel 

a1 eonfour shape y channel 

1 20 

1 21 

1 00 

1 01 

I 02 

1 03 

1 15 

1 16 

1 10 

1 11 

Dead Band 

1 

1 

1 

1 

I 

1 

2 

1 

2 

1 

2 

2 

1 

1 

2 

2 

1 

1 

24 

39 

29 

14 

26 

28 

37 

2 1  

47 

30 

34 

45 

19 

31 

45 

46 

14 

18 

0.4 

0.4 

0.5 

0.5 

0.5 

0.5 

Yarlrble 

Variable 

0.05 

0.05 

Ip.w.p.F. 

0.0366 

0 ,MOT 

0.03 

0.03 

0 525 

0.412 

0.115 

0.115 

0.113 

0.113 

0.472 

0.472 

0.472 

0.472 

0.10 

0 10 

0.10 

0 10 

m e 1  Consunpt'o" 

2 20 0 17 

2 21 0.17 

2 02 Not used 

2 17 Not used 

2 48 0.5 

2 50 1 0  

2 32 1.0 

2 31 0.5 

2 24 variable 

2 25 Varlable 

c.ntro1 Relay Circuits 

2 30 N o t  used 

2 31 Not used 

1 33 Not used 

1 23 I Not used 
Dlgrtal Mnfrol Relay6 

P l O g W "  
xo. 2 - 

0.4 

0.4 

0.5 

0.5 

0.5 

0.5 

Varlabl8 

Yarinbll 

0.05 

0.05 

0.0366 

0.0407 

0.03 

0.03 

0.525 

0.412 

0.115 

0.115 

0.113 

0.113 

0.412 

0.412 

0 . 4 7 2  

0.472 

0.10 

0.10 

0.10 

0.10 

Not "Be 

Not Use 

0.1 

0.1 

0.5 

1 .o 

1 .o 

0.5 

N o t  "sf/ 

N O t  "5s 

0.5 

0 .5  

0.5 

0.5 

Not YSt 

Not use 

K determine Dead Band vldfh *}," 1 channel 

P/B control ,et p'essure 

P/B control ,et pressure 

P/B cD"tr0l jet p*esrure 

P/B control Jet pressure 

I.'"] Ibsolufe vnluc clrcYIi 
0,5n for y channel 

rn cross effect  Jet 

CRY CT016 effect ,et 

Tranrforning the control 
slgnal from body-llxcd 
coordinates ro lnerflsl 
cmrdinater . I 
01 Relay  setting for 
02}dlgltal Slgns lr  



* 
These a t tenuators  should be grounded. 

With t h i s  s e t t i n g  t he  operating t i m e  i s  21  sec, but  t h e  f u e l  consump- 

t i o n  i s  measured only after 8 see. thus  f o r , a  period of 13 sec. 

** 

Table 3.10.2. Attenuator s e t t i ng  of t he  simulation 

Column 1 

Column 2 Dig i ta l  connections 

Column 3 

Set t ing f o r  body-fixed coordinates 

Se t t ing  f o r  i n e r t i a l  f ixed coordinates 

For the  s e t t i n g  of a t tenuators  07 and 08 (TR-48#1) see Sec. 3.8. 
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while program two r e f e r s  t o  the  simulation given by Figure 3.10.2. The 

symbol 

t h a t  of Program 1 i f  it i s  desired t o  work with body-fixed coordinates, 

o r  the  s e t t i n g  of Program 2 i f  it i s  des i red  t o  simulate t h e  vehicle i n  

i n e r t i a l  frame. 

(-) means t h a t  when using the  d i g i t a l  the  s e t t i n g  can be e i t h e r  

When the  s e t t i n g s  given i n  columns 1 o r  3 a re  used, the  program 

will simulate t h e  e x i s t i n g  vehicle with t h e  ex i s t ing  con t ro l  parameters. 

If one uses “ d i g i t a l  at tenuators’’  t h e  con t ro l  l a w  of the  simulation does 

not simulate the  present  P.W.P.F. cont ro l  i n s t a l l e d  on t h e  A.C.V. 

Some a t tenuator  a re  s e t  a t  0.0. These a t tenuators  were used only 

f o r  s t a t i c  check of the  simulation. 

3.11 

With the  present  f a c i l i t i e s  it i s  poss ib le  t o  convert t o  d i g i t a l  

numbers s i x  d i f f e ren t  analog outputs .  The patching f o r  analog output 

readings i s  shown i n  Figure 3.11.1. The f i r s t  input i s  coming from the  

1620 contro l  out and i s  used f o r  checking the  mul t iver ter .  

on t h i s  input equals -6.6 v o l t s .  

mul t iver ter  i s  2 7 v o l t s  o r  S 6 vo l t s ,  t he  d i g i t a l  computer w i l l  d iscard 

The s igna l  

If a d i g i t a l  output number 1 of the  

the  present  da ta  read from the  mul t iver ter .  

The analog computer receives two d i f fe ren t  inputs  : 

I) Attenuator s e t t i n g  of the  simulated vehicle control ;  

11) Signals f o r  s t a r t i n g ,  holding, and r e s e t t i n g  the analog. 

Attenuator s e t t i n g  i s  done by using the  s ix  channels of the  D/A Converter. 

The patching of t h i s  p a r t  of the  program i s  shown i n  Figure 3.11.2. The 

D/A converter can be used i n  two d i f f e r e n t  ways, as can be seen from the  



TRUNK 4***TR-48#1 --a C O ~ ~ ~ ~ p T I O N  

TRUNK I**h-48*1 

TRUNK 2***TR-48#1 

SPECTRUM OF 
NOISE IN Y CHANNEL 

SPECTRUM OF 
NOISE IN X CHANNEL 

MULTIVERTER INPUTS 

1620 CONTROL OUT 

* + T H E  SIGNAL ON THIS INPUT IS FOR CHECKING PURPOSES. 

Figure 3.11.1. D i g i t a l  s e t t i n g  of a t tenuators .  D/A converter patching 
(subprogram R I N O )  . 
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input switch pos i t ion .  

the  output s igna l  leaving the  u n i t  i s  generated i n  the  un i t .  I f  the  

If the  switch i s  ra ised  (as switches 3 and 4), 

switch i s  lowered, the  i n t e r n a l  power supply i s  disconnected from t h a t  

channel and the  channel i s  used as a regular  a t tenuator  f o r  s ignals  com- 

ing  from the  analog ( inputs  1, 2, 5, 6 ) .  Since the  i n t e r n a l  s igna l  i s  

C24.7 vol ts ,  while the  analog s ignals  a r e  a t  most 210 vo l t s ,  the range 

of " d i g i t a l  a t tenuator"  s e t t i n g s  f o r  analog s ignals  ( inputs  1, 2, 5, and 

6) i s  only between 0.0-0.393, while f o r  i n t e r n a l  s ignals  (pos i t ions  3 

and 4 )  the  s e t t i n g  i s  between 0.0-1.0. (0.393 = 10/24.7) 

Since only th ree  parameters of t h e  cont ro l  law can be adjusted by 

the  d i g i t a l  computers, while t h e  con t ro l l e r  has a few more adjustable 

parameters, it was f e l t  unnecessary t o  include t h e  " d i g i t a l  a t tenuators"  

i n  t h e  complete simulation descr ip t ion  given by Figures 3.10.1 and 3.10.2, 

however, by using both Figures 3.10.1 o r  3.10.2 and Figure 3.11.2 it can 

be e a s i l y  t ransplantedinto the  genera l  simulation. I n  Figure 3.10.1 a 

s igna l  i s  passed d i r e c t l y  from amplif ier  26 t o  a t tenuator  47 (see Schmitt 

t r i g g e r  f o r  x channel, middle r i g h t  s ide  of Figure 3.10.1). If 

(0, - 0 ) 

amplif ier  26 i s  passed f i rs t  through the  " d i g i t a l  a t tenuator ' '  No.  1 and 

back t o  a t tenuator .47 .  Similarly, a l l  other  s ignals  can be passed 

through the  corresponding " d i g i t a l  at tenuators" .  

changes ( s i x  inputs  and s i x  outputs)  the  simulation can be switched from 

i s  t o  be adjusted by the d i g i t a l  computer, the  s igna l  leaving 2 

Thus, with twelve minor 

''pure analog" simulation which employs only analog at tenuators ,  t o  

"analog-digital" simulation, i n  which s i x  analog a t tenuators  were replaced 

by " d i g i t a l  at tenuators" .  



By t ransplant ing  the  " d i g i t a l  a t tenuators"  i n t o  the  simulation, it 

Control 
Unit 10 11 40 41 

,-.- 
No Yes N o  Yes 

No Yes Yes No 

Yes N o  Yes No 

Yes No No Yes 

Logical Signal  

was possible t o  adjus t  automatically th ree  d i f f e r e n t  parameters: 

Analog Computer 
Mode of Operation 

Hold 

Reset * 
Hold 

Operate * 

a )  

b )  0 -8 1 2  

e )  Dead-zone. 

- t he  threshold voltage of the  Schmitt t r igge r ;  

- the  width of t h e  Schmitt t r i g g e r  hys te res i s  loop; 

Actually, the  dead zone was kept constant s ince the s e t t i n g  of a t tenuators  

24, 39, 16, and 29 was kept constant; but the  amplif icat ion of the  s ignal  

enter ing  the  dead zone component was adjusted by the  " d i g i t a l  at tenuators" 

5 and 6 .  Therefore, changing t h a t  parameter changed the  dead-zone and 

a lso ,  ind i rec t ly ,  the  sa tu ra t ion  voltage of the  P.W.P.F. 

Since by using a t tenuators  the s igna l  i s  at tenuated and not 

amplified, two ampl i f ie rs  were added (04 and 05 f o r  

and 1-5 for 

x channel and 02 

y channel) t o  the  at tenuated s igna l  so the  range of a.mplifi- 

cat ion/at tenuation obtained by th i s  arrangement was 0 .O-3.93. 

The d i g i t a l  computer cont ro ls  the  mode of analog computer operation 

through the  1620 cont ro l  out .  With the  use of t h i s  un i t  it was possible 
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-26 VOLTS -. 

TO MULTIVERTER INPUT 

I 
OPERATE 

RELAYS OF ALL 
INTEGRATOR FOR ~NTEQRITOR EXCEPJ 14 

COMP. ON TR-48#1 

1 -+ IO  VOLTS 

1620 CONTROL OUT 

TRUNK I t *  TR - 43% 

COMP. 

I 

VOLTS 

-26 VOLTS- ' 
TO RESET RELAYS 
OF ALL INTEGRATORS 
EXCEPT INTEGRATOR 

14. ON TR-48#1 

*THE SIGNALS ON INTEGRATOR 14 TR-48*1 ARE REVERSED. 
* *  THE SIGNALS ON THESE TERMINALS ARE GENERATED BY 

THE DIGITAL COMPUTER SUBPROGRAMS! MODEI, MODU), 
RESET AND COMP. 

Figure 3.11.3. U s e  of d i g i t a l  con t ro l  out logic  for operating the  analog 
computer ( see Table 3.11.1). 
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The patching of t h i s  cont ro l  un i t  is, shown i n  Figure 3.11.3. 

Three o ther  cont ro l  u n i t s  a re  shown i n  Figure 3.11.4. In tegra tors  

03 and 14 are  used a s  clocks. In tegra tor  03 determines t h e  length of 

time i n  which t h e  analog i s  i n  operating mode, while in tegra tor  14 de ter-  

mines r e s e t  t i m e .  

only when the  vehicle  i s  i n  i t s  l imit- cycle,  i . e . ,  a11 the  e f fec t s  of 

Moreover, since t h e  f u e l  consumption i s  t o  be measured 

i n i t i a l  conditions have been decayed, it i s  necessary t o  divide the  

"operating time" i n t o  two in te rva l s  : 

a )  

b )  

time necessary f o r  reaching "equilibrium" t r a j ec to ry ;  

time necessary f o r  measuring the  f u e l  consumption. 

This d iv i s ion  was achieved by connecting the  output of the  fuel 

consumption in t eg ra to r  (42/43) with i t s  summing junction thus grounding 

t h i s  uni t  through a re lay .  

on the  s e t t i n g  of a t tenuator  38. 

The switching point  of t h e  r e l ay  depends 
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Figure 3.11.4. Analog clocks, determine length of operating mode, r e s e t  
mode, and time necessary f o r  reaching the  l i m i t  cycle.  



CHAPTER IV 

DIGITAL CONTROL AND OPTIMIZATION 

4 . 1  In t roduct ion  

The optimizat ion of the p lan t  con t ro l  parameters was done by slaving 

the  two analogs t o  a 1620 IBM D i g i t a l  computer. ?"ne d i g i t a l  program 

c o n s i s t s  of f o u r  p a r t s  : 

The main program, used mainly f o r  input/output purposes; 

"DIRECT" - Maximization subprogram; 

I'CHECK" - It checks whether the  values of the  parameters 

adjusted by "DIRECT" a r e  wi th in  the  range of t h e  D/A converter;  

"EVAL1" - This subprogram con t ro l s  t h e  analog computer through 

the  subprograms WINO, RINO, MODE1, MODEO, RESET, COW, WAZT1, 

WAITO, WSETO, WSETl . 
Sometimes it i s  des i red  not t o  minimize t h e  f u e l  consumption, but 

r a t h e r  t o  f i n d  t h e  values of t h e  f u e l  consumption func t iona l  near a given 

po in t .  For t h i s  reason a second subprogram named "DIRECT" was wr i t t en .  

If it i s  des i red  t o  perform t h e  above operat ion,  one simply replaces  the  

maximization* subprogram c a l l e d  "DIRECT" with the  func t iona l  evaluator  

subprogram c a l l e d  "DIREXT", hopping t h a t  confusion can s t i l l  be avoided 

and some saving of time can be achieved. 

4.2 The Program 

The schematics of t h e  main program are shown i n  Figure 4.2.1. It 

can be seen t h a t  t h e  program i s  used only f o r  e s t ab l i sh ing  the  necessary 
A 

The f u e l  consumption as measured by t h e  analog i s  represented by negative 

t o  maximize t h e  output o f t h e f u e l  consumption in teg ra to r .  
-vol tage,  and i n  order  t o  minimize the  f u e l  consumption it i s  necessary 
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output/input r e l a t i o n s  with the  computer. 

given on punched cards following t h i s  order :  

The input data  should be 

1) N - Number of var iables  Format I1 

2 )  EPSI - Smallest s t ep  s i z e  Format E9 .2 

3) x(1)  - F i r s t  parameter: Determine t h e  Format E9.2  

width of t he  Schmitt t r i g g e r  

4 )  x(2) - Second adjus table  parameter: Format E9 .2  

Determine the  threshold of the  Schmitt 

t r i g g e r  

5 )  x (3 )  - Third parameter: Determine the  Format E9 .2 

dead-band width and i nd i r ec t l y  the  

P . W .P .F . sa tu ra t ion  voltage 

6,7 ,8)  R O l ( l ) ,  R01(2), R O l ( 3 )  - I n i t i a l  Step Size Format E9.2 

9,lO) RAlJGX, RANGY - Maximum t r ave l l i ng  distance Format E9.2  

allowed 

11) K ( 1 )  - Step s i z e  reduction f a c t o r  [Step Format I1 

s ize  n+ l ]  = [K(i) /(K(i)  + n)]ROl(i) 

By following t h e  ins t ruc t ions  typed by t he  typewriter ,  the optimiza- 

t i o n  can be ca r r i ed  without the  knowledge of the  algorithm. 

When t he  optimum for a given angular velocity,  noise level ,  and 

t ab l e  tilt i s  found, t he  computer w i l l  be a t  WAIT1, waiting f o r  the  next 

optimization which w i l l  start a f t e r  reading the  following inputs : 

1,2,3) ROl(l), ROl(2)) R O l ( 3 )  - I n i t i a l  s t ep  s ize  

4) K ( 1 )  - Step reduction f ac to r  

s 

8% 



A l l  o ther  parameters remain unchanged, and the  adjustable parameters 

[ x ( l ) J  x ( 2 ) J  x ( 3 ) ]  have the  value of the  previous minimum. m e  l i s t i n g  

of t h e  main program i s  given i n  Appendix A. 

4.3 Direct-Search 

Subprogram D I R E C T w i l l  search f o r  a maximum of the  funct ional  defined 

by the  system shown i n  Figure 3.10.1 or 3.10.2, subject  t o  s t a t e  cons t ra in ts  

(see Section 3.8) 

(4 .3 .1)  

lYmaxl 5 RANGY 

To define the  point  found by the  subprogram Direct it i s  necessary 

t o  introduce the  following de f in i t ions :  

f(tl,~,x1,x2,xS)= J [Input t o  f u e l  consumption in teg ra to r ]  dv 

(4.3.2) 

Since the re  i s  always unavoidable noise i n  the  measurement of 

f ( t l J T ’ % )  

system, it was impl ic i t ly  assumed t h a t  

and an addi t ional  noise i s  introduced a r t i f i c i a l l y  i n t o  t h e  

e x i s t s  f o r  a l l  f eas ib le  3 and a l l  f i n i t e  7. 

(4.3.3) 



P ( f )  i s  the  p robab i l i ty  dens i ty  function of the yalues of 

f ( t , > T J g )  * It w i l l  be assumed t h a t  

+co 

(4 .3 .4 )  
-co 

L e t  D be a domain defined by the  system equations and the  system 

const ra in ts ,  so t h a t  whenever (x1,x2,x3) E D, the system equations, 

together  with the s t a t e  cons t ra in ts ,  hold. 

Let 

(4.3.5)  

be a closed i n t e r v a l  of length 8i p a r a l l e l  to the x ax i s  with 

(xl,x2,xg) a s  i t s  midpoint. Let 

i 
x- * 

(4.3.6) 

be th ree  independent uni t  vectors .  
* *  

The subprogram Direct w i l l  f i n d  a f eas ib le  point  (x1,x2 ,x*) i . e . ,  

a point  which s a t i s f i e s  Equation 4 .3 .1  such t h a t  

(4 .3 .7)  
* * 

F(T,x ) 2 F(z,x + kiei) f o r  a l l  i = l J 2 , 3  -_ -- 
and f o r  a l l  el given by 

(4.3.8) and i s  not empty f o r  some 8i > 0 

= 0 . Elsewhere 

l e i /  = 

90 



Since the  system i s  noisy, a few modifications had t o  be done before 

using the  regular  Direct search [Reference 61. 

1) The s t ep  s i z e  i s  not halved a f t e r  each i t e r a t i o n ;  instead, the  

s t e p  s i z e  reduction f a c t o r  i s  given by 

(4.3.9) 

where 

R O l ( 1 )  - Step s i ze  i n  x(1)  d i rec t ion  a f t e r  the  nth i t e r a t i o n ;  n 

K ( 1 )  - Step s i ze  reduction f a c t o r  

R O l ( 1 )  - I n i t i a l  s t e p  s ize .  

2 )  The t o t a l  number of i t e r a t i o n s  done by the subprogram Direct 

depends upon t h e  i n i t i a l  and f i n a l  s t ep  s i ze  and on K ( 1 ) .  

Each i t e r a t i o n  cons i s t s  of a t  l e a s t  twelve f u e l  consumption 

measurements. Let f(zni) be the outcome of the  ith f u e l  

consumption measurement done during the  nth i t e ra t ion ,  and 

l e t  f ( y )  

starting the  nth i t e r a t i o n .  If 

be t h e  reference value stored i n  the computer when n -  

- 
f n  (;u;) > f(ki) f o r  some i ( 4.3.10) 

- 
the  value of f ( x  . )  i s  discarded and fn(x) remains unchanged, but i f  

W l  

t he  computer w i l l  evaluate 

(4.3.11) 
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and w i l l  s e t  a new reference value 

(4.3.13) 

This arrangement i s  done i n  order t o  avoid fuel-consumption reference 

values 
n 

fn(x) which, because of i t s  s tochas t ic  nature, a re  f a r  from 

Moreover, i f  during the  nth i t e r a t i o n  

the  computer w i l l  s e t  a new reference value equal t o  

3 - 
U 

i =1 

(4.3.14) 

(4.3.15) 

- 
i s  reca lcula ted .  These f n  Therefore, a f t e r  each i t e r a t i o n  the  value of 

two midif icat ions made possible the  use of Direct search f o r  the present  

program. 

A flow diagram which shows the  main fea tures  of t h e  search i s  shown 

i n  Figure 4.3.1.  

evaluation should be f eas ib le ,  i . e . ,  s a t i s f i e s  the cons t ra in ts  of Equation 

4.3.1. 

a proper value, or by making a c lever  choice of RANGX RANGY, e.g.,  s t a r t -  

ing the  program once for a r b i t r a r y  values of RANGX RANGY and f inding the  

values of ALLOWX, ALLOWY which a r e  typed a f t e r  the f i rst  funct ional  

evaluation and then s e t t i n g  

It should be noted t h a t  the  f i r s t  f u e l  consumption 

!This can be achieved by e i t h e r  s e t t i n g  a t tenuators  07 and 08 a t  
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Figure 4.3.1. Schematics of the subprogram DIRECT 
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a l l  

a-ALLOWY = RABJGY 

( 4.3.16) 

and s t a r t i n g  the  program again. 

f(hi) 

Note a l so  t h a t  if switch one i s  on, 

w i l l  be typed a f t e r  almost each evaluation. 

The suggested value of the  minimum s tep  s i ze  EPSI, i s  0.1, which 

corresponds t o  a t tenuator  s e t t i n g  difference of (0.1 - 0.393) (see 

Section 3.11). The maximum s tep  s i ze  i s  9.99/2 since the  maximum input 

t o  the  D/A converter i s  9.99 v o l t s .  

DIRECT i s  given i n  Appendix A. 

The complete l i s t i n g  of subprogram 

I n  order t o  use the  second "DIRECT" subprogram (see See. 4 .1 )  one 

should replace the  maximization subprogram "DIRECT" described above with 

the  funct ional  evaluator subprogram ca l l ed  "DIRECT". One should a l s o  

de le te  subprogram "CHECK", since it i s  not used by the  funct ional  evaluator 

subprogram. The l i s t i n g  ofthissubprogram is  given i n  Appendix A. 

4 .4  Subprogram CHECK 

The range of the  D/A converter is  -9.99 t o  +9.99 v o l t s .  Whenever 

the  value wr i t t en  on the  D/A converter exceeds these values, the  D/A 

output i s  not co r rec t .  Moreover, a t  the  present set-up a l l  adjustable 

parameters of the  P.W.P.F. a re  pos i t ive ,  thus the  range of these param- 

e t e r s  i s  0.00-9.99. The subprogram CHECK w i l l  check the  values t o  be 

wr i t t en  on the  converter and adjust  them, according t o  the  following 

scheme: 

and any value l e s s  than zero w i l l  be increased t o  0.00. 

any value higher than 10 volts w i l l  be reduced t o  9.99 vol t s ,  
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Experimentally, it was found t h a t  if  x (3 )  exceeds 9, amplif iers  

13, 12, 32, and 33 overload, Figure 3.11.2. Therefore, t h i s  parameter 

i s  r e s t r i c t e d  t o  t h e  range 0.00-8.99. 

WheGever a parameter value i s  adjusted by subprogram check, the  

ty-pewriter w i l l  type the  corresponding change. For more d e t a i l s ,  see 

the complete l i s t i n g  given i n  Appendix A. 

4.5 Subprogram EVALl 

The main f ea tu res  of t h i s  subprogram are  shown i n  Figure 4.5.1. 

This subprogram cont ro ls  the  analog operat ion mode through 1620 cont ro l  

out and Indica tors  90, 91. 

KINO subprogram and reads t h e  r e s u l t s  of the  simulation using R I N O  sub- 

program. 

This subprogram adjus ts  the  parameters using 

The complete l i s t i n g  of t h e  subprogram is  given i n  Appendix A. 



I 
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CHAPTER V 

OPTIMIZATION STUDIES AND RESULTS 

5 .1  Introduct ion 

The r e s u l t s  obtained from the  simulation experiments a re  given i n  

the  following sec t ions .  

Most of t h e  measurements were performed with a nonrotating vehicle .  

A s  was already mentioned, two d i f f e r e n t  simulations e x i s t :  

f ixed  coordinates; b )  i n e r t i a l  coordinates.  Generally t h e  two programs 

are  almost i d e n t i c a l  i n  t h e i r  behavior, but the re  i s  a difference i n  the  

f u e l  consumption measurement; because a )  it i s  very d i f f i c u l t  t o  ad jus t  

t h e  cont ro l  j e t  pressure, and 

between the  two programs, a s  can be seen by comparing Figure 3 .2 .1wi th  

Figure 3.2.2. However, these  d i f ferences  w i l l  not a f f e c t  the  shape of 

the  f u e l  consumption funct ion (compare Figure 5.2 - 2  with Figure 5.2.4) 

and therefore  w i l l  not a f f e c t  t h e  optimal value of  the  cont ro l  parameters. 

The r e s u l t s  shown i n  Table 5.2.1 and Figures 5.2.1, 5.2.2, and 5.2.3 were 

obtained from t h e  simulation shown i n  Figure 3.10.1 (body-fixed coordinates) .  

While the r e s u l t s  shown i n  Figure 5.2.4 were obtained from the  second 

simulation. 

a )  body- 

b )  the re  e x i s t  some minor differences 

The main underlying idea of t h e  optimization was the  studying of the  

shape of t h e  f u e l  consumption funct ional  and i t s  dependence on the  cont ro l  

parameters f o r  d i f f e r e n t  t a b l e  t i l ts ,  noise leve ls ,  and angular ve loc i t i e s .  

5.2 Results 

The r e s u l t s  of t h e  optimization s tudies  f o r  d i f f e r e n t  t ab le  t i l t s  

The f u e l  consumption and angular v e l o c i t i e s  a re  given i n  Table 5.2.1. 
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was measured during equal  time in t e rva l s .  But, t h e  length of t h e  

i n t e r v a l  was not measured accurately (approximately 18 see ) .  

f u e l  consumption measurements given i n  Table 5.2.1 can be compared with 

each o ther  but  not with a d i f f e ren t  s e t  of experiments. 

Therefore, 

To convert t h e  optimal a t tenuator  s e t t i n g s  found by t h e  optimization 

t o  optimal P.W.P.F. parameters: 

1) Width of the  Schmitt t r i g g e r  hys te res i s  (See Figure 3.6.3) 

2 )  Threshold of Schmitt t r i g g e r  (see Figure 3.6.4) (5.2.1) 

3 )  [Dead-band width] = 12.5/(x3/10) m i l s  

where 12.5 m i l s  = Dead-band width when (x  /lo) 3.93 = 1.0  3 

3.93 = Dead-band a t tenuator  amplif i c a t i o n  (see Section 3.11) 

Observe t h a t  f o r  some experiments the  width of t h e  hys te res i s  loop i s  

bigger than the  threshold of the  Schmitt t r i g g e r .  

I n  a l l  above optimization s tudies  

RANGX = RANGY = 1.8 v o l t s  (5.2.2) 

From t h e  r e s u l t s  obtained (Table 5.2.1) it was not possible  t o  

deduce any c l e a r  conclusions concerning the dependence of t h e  f u e l  con- 

sumption on the  cont ro l  parameters; therefore ,  it was f e l t  t h a t  t he  reason 

f o r  t h a t  i s  due t o  the  f a c t  t h a t  near the  optimum t h e  funct ional  may be 

almost constant.  I n  the  remaining experiments t h i s  hypothesis was 

checked. 

m e  dependence of t h e  f u e l  consumption funct ional  on the  cont ro l  

Table tilt was 1 arc see and i n  parameters i s  shown i n  Figure 5.2.1. 

each s e t  of: experiments only one parameter was changed, while t h e  value 

of the  remaining two parameters was kept constant and equal t o  the  value 
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obtained i n  the  corresponding optimization experiment. 

f i r s t  row). 

(Table 5.2.1, 

Clearly,  with t h i s  choice of parameters, t he  f u e l  consumption 

funct ional  i s  almost constant over t h e  invest igated range. The same 

behavior was observed when a somewhat d i f f e ren t  set of cont ro l  var iab les  

was chosen and the  f u e l  consumption was measured a t  1 arcsec. and 3 a r c -  

see. t a b l e  t i l t s  (Figure 5.2.2).  However, when a s e t  of d i f f e r e n t  param- 

e t e r s  was chosen (Figure 5.2.3) the  shape was rad ica l ly  changed, which 

indica tes  again t h a t  only i n  a narrow range t h e  f u e l  consumption funct ional  

depends s trongly on the  cont ro l  parameters while near t h e  optimum it i s  

almost constant .  

The r e s u l t s  shown i n  Figure 5.2.1, 5.2.2 and 5.2.3 and Table 5.2.1 

were obtained from t h e  system shown i n  Figure 3.10.1 (body-fixed 

coordinates) ,  while the  r e s u l t s  shown i n  Figure 5.2.4 were obtained from 

the  system shown i n  Figure 3.10.2. I n  s p i t e  of t h a t ,  the  shape of the  

graphs shown i n  Figure 5.2.4 (without noise)  i s  almost i d e n t i c a l  with the  

graphs shown i n  Figure 5.2.2 ( t ab le  tilt 3 a rc  see) ,  and there  i s  only 

a d i f ference  i n  t h e  f u e l  consumption (- 30%). 

The e f f e c t  of noise on the  system i s  shown i n  Figure 5.2.4. The 

t ab le  tilt f o r  these  experiments was 3 arcsec.  The d i f f e ren t  s ignal  t o  

noise value can be deduced from the shape of t h e  t r a j e c t o r i e s  shown i n  

the  r i g h t  corner of Figure 5.2.4. 

5.3 Conclusions 

It was found t h a t  the  f u e l  consumption i s  almost constant over a 

wide range. It seems t h a t  any choice of con t ro l  parameters within t h i s  

range w i l l .  be adequate, depending, of course, on the  a p r i o r i  cons t r a in t s  
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Figure 5.2.2. Fuel consumption vs. d i f f e r e n t  cont ro l  parameters and two 
d i f f e r e n t  t a b l e  t i l t s .  

( a )  

(b)  

( e )  

Changing only t h e  width of Schmitt t r i g g e r  hys teres is  

Changing only t h e  Schmitt-trigger threshold voltage 

Changing only t h e  Dead Band width 

(Experiments performed on the  system shown by Figure 3.10.1) 
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Figure 5.2.3. Fuel consumption vs.  d i f f e r e n t  cont ro l  parameters and two 
d i f f e r e n t  t a b l e  t i l t s  

( a )  

(b)  

( c  ) 

Changing only the  width of Schmitt t r i g g e r  hys te res i s  

Changing only the  Schmitt - t r igger  threshold voltage 

Changing only the  Dead Band width 

(Experiments performed on the  system shown by Figure 3.10.1) 
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Effect of noise on the rule consumption 

Changing only the width of Schmitt trigger hysteresis 
Changing only the Schmitt-trigger threshold voltage 
Changing only the Dead Band width 
Pictorial representation of the noise influence on the 
vehicle trajectory. 

105 

4 



on the  s t a t e  var iables  x and y. However, it was f e l t  t h a t  the informa- 

t i o n  col lec ted  i s  not enough. It i s  necessary t o  check the  behavior of 

the  vehicle for higher angular v e l o c i t i e s  and d i f f e r e n t  signal-noise 

r a t i o s .  And last  but,  not least t o  take longer measurements of f u e l  

consumption during the  optimization. 
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221 

222 

APPENDIX A 

MAIN PROGRAM 

DIMENSION X( 5 ) , R O 1 (  5 )  ,K(  3) 

FORMAT (38KpUSH R S  BUTTON OF ANALOG T R - 4 8  N O S . 1 , 2 )  
FORMAT   OHU UPON PUSHING BRANCH INDICATOR 91 THE OPTIMIZATION WILL 

FORMAT  S OH FUEL CONSUMPTION RANGEX RANGEY T E T A l  TETAl-  

FORMAT ( 8 0 ~ 1  

FORMAT( 4 H  , F 8 . 3 , 6 H  , F 8 . 3 , 2 H  , F 8 . 3 , l H  F 8 . 3 , 3 H  ,F8.3, 

FORMAT (11) 
FORMAT ( 6 1 H S E T  POT. ON TB--48 NOS. 1 ,2  AND PUSH R S  BUTTON OF BOTH A 

FORMAT ( 1 H 1 / 4 8 H  DEAD ZONE) 
FORMAT ( 3 9 H  F8.3)  
FORMAT(50HREAD THROUGH CARD READER THE FOLLOWING PARAMETERS ) 
FORMAT( 66Hl)N=NTJMBER OF ADJUSTABLE PARAMETERS 2 )  EPSI=THE SMALLES 

FORMAT(32H3) X( l ) , X ( 2 ) , X (  3 ) S T A R T I N G  P O I N T )  
FORMAT(40Hh)ROl(  l ) , R O 1 ( 2 ) , R O l (  3 ) = I N I T I A L  STEP S I Z E )  
FORMAT( 4 4 H 5  )RANGX,RANGY=CONSTRAINTS ON STATE VARIABLES) 
FORMAT( 3 8 H 6 ) K (  1) ,K( 2)  ,K( 3)=STEP REDUCTION FACTOR) 
FORMAT(55HTHE STEP S I Z E  I S  REDUCED BY K ( l ) / ( K ( I ) + ( I ' I ! E R A T I O N  NO. ) ) )  

M=6 
DIMENSION ANALOG( 6 ) 
DO 221 1=1,6 
ANALOG ( I ) =O - 0 
DO 222 K 5 = l , 4  

CONTINUE 
CALL cow 
CALL MODE1 
TY-PE 5 
TYPE 6 
CALL WAIT1 
TYPE 15 
TYPE 16 
TYPE 1 7  
TYPE 18 
TYPE 19 
TYPE 20 
TYPE 2 1  
TYPE 22 
READ 9 , N  
TYPE 9 , N  

.READ 4,EPSI 
TYPE 4 , E P S I  
READ 4 , X ( 1 )  

FORMAT ( ~ 9 . 2 )  

 START) 

1TETA;I SPECTX SPECTY) 

1 NOISE LEVEL ) 

1 6 ~  , F 8 . 3 , 2 H  ,F8.3) 

LNALOGS ) 

1 T  STEP S I Z E )  

FORMAT(~SHFORMAT OF ALL INTEGERS IS 11 AND OF ALL REALS IS ~ 9 . 2 )  

CALL WINO(ANALOG( 1) ) 



45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 1 

65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 

TYPE 4,X(1) 
READ 4,X(2) 
TYPE 4,X(2) 

TYPE 4,X(3) 
READ 4,ROl(l) 
TYPE 4,ROl(l) 
READ 4,R01(2) 
TYPE 4,R01(2) 
READ 4,R01(3) 
TYPE 4,R01(3) 
READ 4,RANGX 
TYPE 4,RANGX 
READ 4,RANGY 
TYPE 4,RANGY 

K( 2 ) =K ( 1) 
K( 3)=K( 1) 

CALL DIRECT ( F2,X, N,ROl,RANGX,RANGY, EPSI,XMAXjYMAX,K 

READ 4,x(3) 

READ 9,K(1) 

TYPE 9,m) , SPECTX, SPEC 
1 W  
F2=-F2 
SPECTX=( SPECTX+10.0)**2*32 .0/5.0/100 .O 
SPECTY= ( SPECTY+lO. 0 )**2*32.O/5.0/100.0 
TYPE 12 
TYPE 7 
TYPE 8, F2,XMAXYYMAX, X( 1) ,X( 2) , SPECTX, SPECTY 
TYPE 13 
TYPE 14,X(3) 
TYPE 11 
TYPE 5 
CALL WAIT1 
CALL WSETl 
READ 4,ROl(l) 
TYPE 4,ROl(l) 
READ 4,R01(2) 
TYPE 4,R01.(2) 
READ 4,R01(3) 
TYPE 4,R01(3) 

K( 2)=K( 1) 
K(3)=K( 1) 

GO TO 1 
END 

READ 9,K(1) 

TYPE 9,KO) 

P 
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SUl3FiOUTIWE D I F S C T  

BI 

a 

c 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 

98 

97 

99 
100 

101 

107 

108 

102 

SUBROUTINE DIRECT( F1, X, N,RO1, RMGX,R"JGY, EPSI, XMAX,YMAX,K 

DIMENSION R o l l (  5 ) 
DIMENSION X( 5),R01(5),K( 5 )  
DIMENSION xxK1( 3) 
FORMAT ( l lF7 .3)  
DIMENSION X1(  5 ) 
DO 97 l = l , N  
CALL CHF,CK(X , K I l , I )  

, SPECT 
l X ,  SPECTY) 

CALL ( ~ i ,  ALLOWX, ALLOWY, X, N, SPECTX, SPECTY ) 
K I  1=0 
TYPE 98,Fl,ALLOWX,ALLOWY, SPECTX, SPECTY, (X(K2)  , R 0 1 (  K 2 )  ,K2=1, N) 
DO 99 I = l , N  
XKK1( I ) = K (  I )  

CONTINUE 
DO 200 I = l , N  
52 =O 
J = O  
K I l = O  
X( I ) = X (  I ) + R O l (  I )  
IF (J2)107,107,108 
X 1 (  I ) =X( I ) - R 0 1 (  I ) 
K I l = O  
CONTINUE 
IF ( X ( 1 ) - 12 . 0 ) 102,102,150 
CALL CHECK ( X  , K I l , I )  
CALL E V A L l  (F2, XNX, YMAX, X, N, SPECTX, SPECTY) 

R O ~ (  I ) = R o ~ (  I)*( mi( I)  +I. 0) 

105 
104 

I F  (SENSE ShTCH 1)- 104,103 
TYPE ~ ~ , F ~ , X M A X , Y M A X ,  SPECTX, SPECTY, ( X ( K 2 ) , R O l ( K 2 ) , K 2 = l , N )  

103 CONTINUE 
I F  ( XMAX-RMGX) 120,120,150 

120 IF  (YMAX-RANGY) 130,130,150 
130 I F  (F2-F1) 150,140,140 
140 XKK=I.O 

DO 142 ILJ=1,3  
CALL E V A L l  (F11, XMAX,YMAX, X, N, SPECTX, SPECTY) 
IF ( XMAX-RANGX) 141,141,150 

1 4 1  IF  (YMAX-RANGY) 1422,1422,150 
1422 F2=( Fll+F2*( XKK-1.0) )/XKK 
142 XKK=XKK+l.O 

IF (F2-F1) 150,143,143 
143 F1=F2 

J= J+1 
R 0 1 (  1 ) =2.0*R01( I ) 
J2 =O 
GO TO 101 

150 J2=1 
I F  (J ) 160,160,170 

160 R O ~ ( I ) = - R O ~ ( I )  _ _  
J =I 
X( I ) =X( I ) +ROl(  I ) 
GO TO 101- 



53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 

170 

1911 
1912 
1913 

1914 

1-95 

196 
200 

191-5 

203 

220 

X( I ) =X( I ) -R01( I ) /2.0 
CALL CHECK (X ,KIl,I) 
CALL EVALl (F2,XMAXtYMAX,X,N,SPECTX,SPECTY) 

XK=K(I) 
IF ( XMAX-RMGX) 180,180,195 
IF (YMAX-RANGY) lgO,190,195 
IF (F2 -F1) 195,191,191 
xKK=l. 0 
DO 1913 ILJ=1,3 
CALL EVAL~( ~ii, XMAX,YMAX, X,N, SPECTX, SPECTY) 
IF ( XMAX-RANGX)~~~~, 1911,195 
IF (YMAX-RANGY ) 1912,1912,195 
F2=( F11+( XKK-l.O)*F2 ) /XKK 
XxK=m+1.0 
IF (F2 -F1)195,191k,1914 
F1=F2 
GO TO 200 
X( 1 ) =X( I ) -R01( 1 ) /2.0 
IF (KI1) 200,200,196 

K( I ) =K( I ) +i 

x( 1 ) =x1( I ) 
RO~( I) =~oii( I ) /XK 
XKK=l .o 
DO 1915 ILJ=1,3 
CALL EvAL~( ~ii, XAMX,YMAX, X, N, SPECTX, SPECTY) 
~i=( FU+( ~KK-1. O)*F~)/XKK 
xKK=IW(+l. 0 
TYPE ~~,F~,xAMx,YMAx,SPECTX, SPECTY, (X(K2) ,ROl(K2=1,N) 
M=O 
DO 203 I=l,N 
IF (ROl(1)-EPSI) 203,203,100 
M=M+l 

CONTINUE 
RETURN 
END 

IF (M-N) 100,220,220 

a 

I P  

r 



SUBROUTINE CHECK 

1 
2 400 
3 
4 401 
5 402 
6 300 
7 301 
8 
9 
10 302 
11 304 
12 303 
13 
14 
15 306 
16 311 
17 
18 
19 310 
20 
21 

SUBROUTINE CHECK( X KI1 N ) 
FORMATION(12H VALUE OF X(,IlJ13H) NEGATIVE =,F8.3) 
DIMENSION X ( 5 ) 
FORMAT (12H VALUE OF X(jIlJ15H) EXCEEDS 10 = jF8.3) 
FORMAT (25HVALUE OF X(3) EXCEEDS 9 =,F8.3 ) 
IF (X( N) ) 301 302 302 

KI1=1 
X( N) =O . 0 
IF (N-2 )304 304,306 
IF (X(N) -10 .O) 306,306 303 

KI1=1 

TYPE ~OOJNJX(N) 

1 

TYPE ~O~JNJX(N) 

X(N)=9*99 

TYPE 402 J(3) 

IF (X( 3)-9.0)310 J 311 J 311 
~(3)=8.99 

KI1=1 

RETURN 
END 

CONTINUE 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14  
1 5  
16 
1 7  
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  

7401 
7499 
7501 

701 

709 
7 10 

708 

711. 

I K = 1  
1 
2 

3 

748 
749 

7511 

7512 

SUBROUTINE EVAL 1 

SUBROUTINE EVALl (F,XMAX,YMAX,X,I,SPECTX,SPECTY) 
FORMAT ( 36HIYIULTIVERTOR DOES NOT CONVERT CORRECT) 
J1=0 
CALL WSETl 
CALL RESET 
CALL WAIT1 
CALL WSETO 
DIMENSION X( 5 ) 
M=6 
DIMENSION ANALOG( 6 ) 
ANALOG ( 1 ) =X( 1 ) 
ANALOG( 2 )  =X( 1) 
ANALOG( 3) =X( 2 ) 
ANALOG( 4 ) =X( 2 ) 
ANALOG( 5 ) = X (  3) 
APJALoG( 6 )  =x( 3) 
CALL WIND(ANALOG(~) )  
CALL MODE0 
CALL C O W  
M 2 = 1  
DIMENSION c (6 ) 
CALL RINO( C (  1) ) 
I F  (c(1)+6.0) 711,710,710 
CALL WAIT0 
CALL MODE1 
I K = 1  
I F  ( I K -  400)2,3,3 
I K = I K + l  
GO TO 1 
CONTINUE 
w =6 

F=C( 2 ) 
CALL RINO( C (  1) ) 

xMAx=c(3) 
YMAx=c(4) 
SPECTX=C( 5 )  
SPECTY=C( 6 ) 

J1= J1+1 
I F  (51-5 )7501, 7501,7500 

I F  ( C (  1) +7.2 )751L 7512,7512 

I F  (c(1)+6.0) 750,750,7513 
42 7513 Jl=J1+1 
43 
44 7500 TYPE 7401 
45 GO TO 7499 
46 750 RETURN 
47 END 

I F  (J1-5 )7501 75% 7500 

t 
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